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Hydrogen is known as a clean energy carrier which has the potential to play a 
major role in addressing the climate change and global warming, and thermochemical 
water splitting via the copper-chlorine cycle is a promising method of hydrogen 
production. In this research, thermal management of the copper-chlorine cycle for 
hydrogen production is investigated by performing analytical and experimental analyses 
of selected heat recovery options. First, the heat requirement of the copper-chlorine cycle 
is estimated. The pinch analysis is used to determine the maximum recoverable heat 
within the cycle, and where in the cycle the recovered heat can be used efficiently. It is 
shown that a major part of the potential heat recovery can be achieved by cooling and 
solidifying molten copper(I) chloride exiting one step in the cycle: the oxygen reactor. 
Heat transfer from molten CuCl can be carried out through direct contact or indirect 
contact methods. Predictive analytical models are developed to analyze a direct contact 
heat recovery process (i.e. a spray column) and an indirect contact heat recovery process 
(i.e. a double-pipe heat exchanger). 
Characteristics of a spray column, in which recovered heat from molten CuCl is 
used to produce superheated steam, are presented. Decreasing the droplet size may 
increase the heat transfer rate from the droplet, and hence decreases the required height of 
the heat exchanger. For a droplet of 1 mm, the height of the heat exchanger is predicted to 
be about 7 m. The effect of hydrogen production on the heat exchanger diameter was also 
shown. For a hydrogen production rate of 1000 kg/day, the diameter of the heat 
exchanger is about 3 m for a droplet size of 1 mm and 2.2 m for a droplet size of 2 mm. 
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The results for axial growth of the solid layer and variations of the coolant 
temperature and wall temperature of a double-pipe heat exchanger are also presented. It is 
shown that reducing the inner tube diameter will increase the heat exchanger length and 
increase the outlet temperature of air significantly. It is shown that the air temperature 
increases to 190oC in a heat exchanger with a length of 15 cm and inner tube radius of 10 
cm. The length of a heat exchanger with the inner tube radius of 12 cm is predicted to be 
about 53 cm. The outlet temperature of air is about 380oC in this case. The length of a 
heat exchanger with an inner tube diameter of 24 cm is predicted to be about 53 cm and 
91 cm for coolant flow rates of 3 g/s and 4 g/s, respectively.  Increasing the mass flow 
rate of air will increase the total heat flux from the molten salt by increasing the length of 
the heat exchanger. Experimental studies are performed to validate the proposed methods 
and to further investigate their feasibility. The hazards involving copper(I) chloride are 
also investigated, as well as corresponding hazard reduction options. Using the reactant 
Cu2OCl2 in the oxygen production step to absorb CuCl vapor is the most preferable 
option compared to the alternatives, which include absorbing CuCl vapor with water or 
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Chapter 1 Introduction 
Worldwide energy demand is increasing rapidly due to the continuing increase in world 
population and the desires of developing countries to improve their living standards. A 
large portion of the world energy demand is met by fossil fuels, because of their 
availability and convenience. However, it is expected that fossil fuel production 
worldwide may peak in 15 years and thereafter begin to decrease [1]. Also, the 
environmental damage caused by fossil fuels and their combustion products is a major 
problem. Therefore, energy researchers are investigating alternative sources of energy to 
replace fossil fuels. 
If fossil fuels continue to be used at high rates, the environmental impact (i.e. 
acid rains, ozone depletion, and climate change) will be significant [2,3]. Therefore, the 
use of clean energy is becoming an urgent matter as the energy demand keeps on 
increasing. Hydrogen may be derived from non-fossil sources, it burns cleanly to produce 
water with no pollutants emitted, it is suitable for use in a fuel cell to generate electricity 
directly, and its energy content per mass is 2.5 times higher than that of any other 
conventional fuel [3,4]. Therefore, hydrogen has been considered as the energy carrier of 
the future [3-6]. 
1.1 Motivation 
Hydrogen has the potential to have a major role in addressing global warming and climate 
change. However, most of the world’s hydrogen is currently derived from fossil fuels through 
some type of reforming process [7,8]. Thus, developing sustainable, large-scale, low-cost 
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methods of hydrogen production from energy sources other than fossil fuels is required to 
reduce greenhouse gas emissions and accelerate the transition to a low-carbon future. 
Water electrolysis and thermochemical water splitting, using various heat 
sources such as nuclear energy, solar energy, and geothermal energy, are alternative 
processes for such hydrogen production. The overall efficiency of thermochemical cycles 
is potentially higher than electrolysis as heat is used directly to produce hydrogen. Overall 
electrolysis efficiency is typically about 24%, based on the ratio of the higher heating 
value of hydrogen to the thermal energy input to generate electricity for electrolysis, 
while thermochemical hydrogen using nuclear heat can achieve heat to hydrogen 
efficiency up to about 50% [9]. Several thermochemical cycles for hydrogen production 
have been developed over the past four decades. Among those, the copper-chlorine cycle 
is one of the most promising candidates, and requires heat input at a maximum 
temperature of less than 550℃ [10-13]. 
The overall efficiency of a thermochemical water splitting cycle can be 
improved by recovering heat within the cycle and minimizing the net heat supply of the 
cycle. The total potential for heat recovery within the copper-chlorine cycle is quantified 
in this research. It is shown that a major portion of the potential heat recovery can be 
achieved by recovering heat from molten copper(I) chloride, the product of a step of the 
cycle (the oxygen reactor). Recovering heat from molten CuCl is challenging, as the 
process involves phase change from liquid to solid and vapor. Conventional heat 
exchangers cannot be used for heat recovery from molten CuCl, because the system will 
clog due to solidification. Research is needed to investigate possible processes of heat 
recovery from molten CuCl which account for solidification and are applicable for the 
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copper-chlorine cycle. Heat recovery opportunities in the copper-chlorine cycle and the 
processes of heat recovery from molten CuCl are studied in this thesis. The methods for 
reduction the hazards in the processes are also investigated. 
1.2 Objectives 
The main overall objective of this research is to investigate options for recovering thermal 
energy within the copper-chlorine cycle of hydrogen production. For this purpose, the 
maximum recoverable heat within the cycle is evaluated using pinch analysis. The 
integration of the heat recovery with the overall thermochemical cycle is also 
investigated. Therefore the first objective of this thesis is to determine how much and 
where in the cycle heat can be recovered and where the recovered heat can be used.  
As the major part of heat recovery is achieved by cooling and solidifying molten 
copper(I) chloride exiting the oxygen reactor, the focus of this thesis will be on heat 
recovery from molten CuCl 
Several methods for recovering heat from molten CuCl, based on the existing 
industrial processes for molten materials, are investigated. Parameters such as heat 
transfer rate, the potential of introducing extra substances to the cycle, energy efficiency, 
material issues and design feasibility are considered to determine the most promising and 
efficient method for heat recovery from molten CuCl. Heat recovery methods based on 
casting/extrusion and atomization, using water or air as a coolant, are found to be the 
most advantageous for heat recovery from molten CuCl. Therefore, these two methods 
are chosen for further investigation. 
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Improving understanding of the chemical reactions that may occur during the 
heat recovery process is another objective of this research. Experiments are performed for 
a direct contact heat recovery process to study the possibility of chemical reactions in 
different conditions. 
The other objective of this research is to analyze the proposed methods of heat 
recovery by developing predictive models for heat transfer from molten CuCl in a direct 
contact heat exchanger, as well as an indirect-contact heat exchanger. For an indirect 
contact heat exchanger, heat transfer from a solidifying flow of molten CuCl is modeled. 
The inlet and outlet temperature of the coolant and molten salt, and the dimensions of the 
heat exchanger are found. For a direct contact heat exchanger, solidification of molten 
droplets falling through the coolant is modeled. Heat transfer due to convection, radiation 
and mass transfer is studied. The dimensions of the heat exchanger are determined for 
different values of hydrogen production rate. The models are used in improving heat 
recovery system design for the Cu-Cl cycle. 
The hazards caused by copper(I) chloride, during the heat recovery process, are 
investigated and different options for reducing the hazards in the copper-chlorine cycle 
are explored. Besides hazards reduction, the copper(I) chloride should be recovered and 
returned to the Cu-Cl cycle. This is also investigated in this research. 
1.3 Scope of thesis 
Background topics relevant to this research are discussed and a literature survey is 
presented in Chapter 2. The approaches used in the research as well as methods employed 
are explained in Chapter 3. In Chapter 4, pinch analysis is used to compute the maximum 
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recoverable heat within the copper-chlorine cycle. Different options for using the 
recovered heat in the cycle are studied in this chapter. Chapter 5 presents a comparative 
review of different methods for recovering heat from molten CuCl. Several parameters 
are considered in the evaluation of the methods. The casting/extrusion method appears to 
be the most promising method of heat recovery from molten CuCl in the Cu-Cl cycle. In 
Chapter 6, mathematical models for direct contact and indirect contact heat transfer from 
molten copper(I) chloride are presented. Chapter 7 includes the experimental studies for 
direct-contact heat transfer from molten copper(I) chloride. The results of the modeling 
and experiments are demonstrated and validated in Chapter 8. Chapter 9 includes CuCl 
hazards reduction methods for providing a safe working environment while producing 















Chapter 2 Background 
2.1 Clean energy 
Energy development is increasingly dominated by major global concerns of over 
population, air pollution, coastal pollution, fresh water pollution, deforestation, 
biodiversity loss, and global climate deterioration. 
 A sustainable energy vision of the future centers on the need to reduce global 
green house gas emissions, ensure security of energy supply, and create a new industrial 
and technological energy base [14]. 
Renewable energy has grown rapidly in recent years [15]. Renewable resources 
produced 16.5% of the world primary energy in 2005 [15]. The share of world electricity 
was 18% mostly from hydro resources [16]. Renewable sources may be the only 
candidates for satisfying most of the criteria of the sustainable backstop supply 
technology, except perhaps for the aspect of financial affordability when compared to the 
present low prices of fossil and nuclear power. For example, photovoltaic power from the 
sunlight is unlimited, but expensive to collect and convert, and additional steps are 
required to bridge intermittent supplies. Several other renewable power resources 
experience similar challenges [17]. 
Most unlimited energy sources are provided as flows from the sun which are 
known to be diffuse, fluctuating, intermittent, and sometimes badly predictable. 
Collection and conversion of the flows require significant investments and, because they 
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are not available on command, they need feed-forward control, storage facilities, and 
make-up and back-up power supplies delivered by other capacities [18]. 
Hydrogen may play an important role as an energy carrier of the future [19-23]. 
It may be used as a fuel in almost every application where fossil fuels are being used 
today, but without harmful emissions, with an exception of NOx emissions when 
hydrogen is combusted (however these can be controlled). In addition, hydrogen may be 
converted into useful forms of energy more efficiently than fossil fuels. And despite 
public perception, hydrogen is as safe as other common fuels [24]. However, hydrogen is 
not an energy source. It does not occur in nature in its elemental or molecular form. 
Therefore, hydrogen must be produced. 
2.2 Hydrogen production methods 
The annual world consumption of hydrogen is about 50 billion kilograms, which is used 
primarily for ammonia production and conversion of heavier crude oils to lighter liquid 
fuels [25]. The hydrogen demand has grown rapidly because of a decrease in availability 
of light crude oils which do not require extra hydrogen for conversion to gasoline, with a 
corresponding increase in use of heavy crude oils which require large amounts of 
hydrogen for conversion to gasoline. If the cost goals for automotive fuel cells are 
reached, the transportation sector may ultimately be fueled by hydrogen. This implies a 
growth in hydrogen consumption of one to two orders of magnitude over a period of 
several decades [26]. 
Nuclear energy provides a source of heat that can be used to produce hydrogen. 
Multiple processes are being investigated to produce hydrogen from water and heat. If 
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nuclear energy is to be used for hydrogen production, the nuclear reactor must deliver the 
heat at conditions that match the requirements imposed by the H2 production process [25].  
The electrolysis of water to produce hydrogen is a mature technology that is used 
today to produce hydrogen. Electrolysis is not currently competitive for the large-scale 
production of hydrogen, except where low-cost electricity is available [25]. Using 
electrolysis for large-scale H2 production over the long term depends upon the evolution 
of the electric grid, the capital costs of electrolysis, and other factors [25]. Current capital 
costs are estimated to be near $600/kW, while some predict future capital costs may 
approach $300/kW [25]. Conventional alkaline electrolyzers have efficiencies of 70–
85%, and proton-exchange-membrane electrolyzers are projected to have efficiencies of 
80–90%. There is a significant trade-off between capital costs and efficiency [26]. In 
many industrialized countries, the peak electrical demand is twice the minimum demand. 
Consequently, low-cost off-peak electricity is often available in such jurisdictions. 
Electrolysis may be viable provided there is successful development of efficient, low-cost 
electrolysis systems and associated local H2 storage and distribution systems. 
Today, hydrogen is produced primarily from the steam-reforming of natural gas. 
Steam reforming is an energy-intensive endothermic low-pressure process requiring high-
temperature heat input. The input natural gas is used as the reduced chemical source of H2 
and burned to produce heat to drive the process at temperatures of up to 900oC [27]. The 
amount of natural gas required for steam reforming can be significantly reduced when 
heat is provided by a nuclear reactor. The Japan Atomic Energy Research Institute is 
currently preparing to demonstrate the production of hydrogen by steam reforming of 
natural gas with the heat input provided by its High-Temperature Engineering Test 
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Reactor (HTTR) [27]. For Japan and other countries with high-cost natural gas, economic 
analyses indicate that hydrogen from nuclear-assisted steam reforming of natural gas will 
have lower costs than that from natural gas alone [27]. 
Thermochemical cycles are alternative and potentially more efficient methods to 
produce hydrogen from water [28,29]. A thermochemical water splitting process includes 
decomposition of water into hydrogen and oxygen using heat or a combination of heat 
and electricity, in a hybrid thermochemical cycle. The net reaction is as follows: 
𝐻2𝑂(𝑙) → 𝐻2(𝑔) + 1 2⁄  𝑂2(𝑔) (1.1) 
Several thermochemical water splitting cycles, using various sources of energy, 
have been studied in the past. Abanades et al. [30] studied solar hydrogen production 
from a two-step thermochemical cycle based on a SnO2/SnO redox reaction. A 
thermochemical cycle based on a Zn/ZnO redox reaction was presented by Steinfeld [31]. 
Galvez et al. [32] studied a two-step solar thermochemical cycle based on MgO/Mg redox 
reaction. The feasibility of a solar thermochemical cycle, based on a CeO2/Ce2O3 cycle, 
was demonstrated at a lab scale by Abanades and Flamant [33]. 
The sulfur-iodine thermochemical cycle, in which solar energy is used for the 
decomposition of sulphuric acid, was investigated by Huang and Raissi [34]. Xinxin and 
Kaoru [35] studied the sulfur-iodine (S-I) cycle for hydrogen production using nuclear 
energy. Energy and economic assessment of an industrial plant for hydrogen production 
by sulfur-iodine thermochemical cycle was presented by Liberatore et. al [36]. The 
efficiency of the thermochemical cycle by itself was about 34%, based on higher heat 
value. If this value is associated with the electrical energy production, including the 
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efficiency of the solar plants, the total heat-to-hydrogen efficiency was obtained to be 
21%. 
The potential of sustainable hydrogen production through solar energy and 
thermochemical cycles was examined by Graf et al. [37]. A metal oxide based cycle and a 
hybrid sulfur cycle were compared with the commercial electrolysis, and a sensitivity 
analysis was carried out for different cost scenarios. 
Granovskii et al. [38] presented a comparative performance assessment through 
thermal and hydrogen production efficiencies of the combined system including a 
supercritical water-cooled nuclear reactor and a chemical heat pump. The combined 
system can provide high temperature heat to a thermochemical water splitting cycle of 
hydrogen production. 
Alternative thermochemical cycles of hydrogen production were evaluated by 
Lewis et al. [11-13]. Their results showed that the copper-chlorine cycle is chemically 
viable and feasible with respect to engineering energy-efficient. 
Dincer and Balta [28] have discussed several potential and hybrid cycles for 
nuclear-based hydrogen production. The copper-chlorine cycle was shown to be a highly 
promising cycle for nuclear-based hydrogen production. 
Recent advances in thermochemical cycles of hydrogen production, using non-
fossil energy sources such as nuclear or solar, were reported by Rosen [9]. Numerous 
advances have been made on sulfur-iodine cycle and the copper-chlorine cycle was 
shown to have significant potential because of the lower temperature requirement for heat 
supplies compared to most other thermochemical processes. 
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2.3 Copper-chlorine thermochemical cycle 
The copper-chlorine (Cu-Cl) cycle was identified as a promising low-
temperature cycle for hydrogen production [11-13]. The Cu-Cl cycle decomposes water 
into hydrogen and oxygen, through intermediate copper chloride compounds, in a closed 
loop that recycles all chemicals continuously. There are three variations of the Cu-Cl 
cycle, based on the number of main chemical reactions: three step, four step, and five 
step. The schematic of the four step cycle is shown in Figure 2-1. 
The first step in the four step cycle Cu-Cl thermochemical cycle for hydrogen 
production is CuCl/HCl electrolysis: 
2CuCl(aq)+2HCl(aq)→H2(g)+2CuCl2(aq) (2.1) 
in which oxidation of copper(I) chloride , CuCl occurs during an electrochemical 
reaction, in the presence of hydrochloric acid, HCl, to produce hydrogen, H2 and 
copper(II) chloride, CuCl2. The Cu(I) ion is oxidized to Cu(II) at the anode, and the 
hydrogen ion is reduced at the cathode. 
Step 2 of the cycle is the drying step: 
CuCl2(aq)→CuCl2(s) (2.2) 
Aqueous CuCl2 exiting from the electrolysis cell is dried to produce CuCl2 particles, 
which are then moved to the hydrolysis unit (step 3) and reacted with superheated steam 




In step 4 (oxygen production step), copper oxychloride particles decompose into 
molten CuCl and O2 gas: 
Cu2OCl2(s)→2CuCl(l)+ 1 2⁄ O2(g) (2.4) 
Several variations of copper-chlorine cycles with different numbers of steps and 
methods of grouping were compared, and major features of the cycles with different 
numbers of steps were discussed by Wang et al. [39]. A detailed kinetic study of the 
hydrogen and oxygen production reactions in the Cu-Cl cycle was presented by Serban et 
al. [40]. Balta et al. [41] presented energy and exergy analyses of a four step Cu-Cl cycle, 
coupled with a geothermal source for hydrogen production. Wang et. al [42] compared 
sulfur-iodine and copper-chlorine thermochemical cycles from the perspectives of heat 
quantity, thermal efficiency, and related engineering challenges.  
 




A solar plant coupled with a Cu-Cl plant to produce hydrogen at three locations 
in Canada was analyzed by Ghandehariun et al. [43]. The results showed the feasibility of 
solar thermochemical Cu-Cl cycle as a promising and efficient pathway for large-scale 
hydrogen production. 
Canadian advances in nuclear-based production of hydrogen by the Cu-Cl cycle 
were presented by Naterer et al. [44-47]. Orhan et al. [48] studied nuclear-based hydrogen 
production by a Cu-Cl hybrid cycle using sea or brackish water. Coupling of the Cu-Cl 
cycle with a desalination plant was analyzed in this study. Different desalination 
processes were reviewed to determine the most appropriate option for the Cu-Cl cycle. 
Their results assist the design and improvement of coupled systems. Cost analysis of a 
Cu-Cl thermochemical plant was presented by Orhan et al. [49]. The authors investigated 
the sensitivity of costs as a function of plant capacity, capacity factor, and percentages of 
each cost component. 
 Thermophysical properties of copper compounds in the Cu-Cl cycle were 
studied by zamfirescu et al. [50]. The environmental impacts of the Cu-Cl were presented 
by Ozbilen et al [51] using life cycle assessment. 
Hydrolysis of CuCl2 into Cu2OCl2 and HCl using a spray reactor was 
investigated by Ferrandon et al. [52]. It was shown that a counter-current flow reactor 
results in a significantly higher yield of Cu2OCl2 compared to a co-current flow, due to 
enhanced mass transfer. 
Naterer et al [53] examined the evaporative drying of aqueous copper(II) 
chloride (CuCl2) droplets in the copper-chlorine cycle. An aqueous CuCl2 stream exiting 
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from an electrochemical cell was preheated to 150oC, before entering a flash evaporator 
to produce solid CuCl2. The results showed that benefits of flashing the solution to 
enhance drying were relatively minor, compared to evaporative drying in the spray drying 
process. 
The thermal design of the oxygen production reactor for decomposition of 
copper oxychloride (Cu2OCl2) into oxygen gas and molten cuprous chloride was 
presented by Naterer et al. [54]. Wang et al [55] examined the scale-up design issues for 
the hydrogen, oxygen and hydrolysis reactors in the copper-chlorine cycle. Various 
design schemes for the overall copper-chlorine cycle and its components were 
investigated by Orhan et al [56], in order to identify potential performance improvements 
of the cycle. 
2.4 Heat recovery in the copper-chlorine cycle 
Heat recovery within the copper-chlorine cycle is crucial to the efficient performance and 
the overall viability of the cycle [45-47]. The heat requirements of different steps of the 
five step copper-chlorine cycle were evaluated by Naterer et al [54]. The authors 
examined the heat matching between the steps of the Cu-Cl cycle so as to recover as 
much heat as possible and minimize the net heat supply of the cycle. It was shown that if 
all released heat is recovered within the cycle, the efficiency of the cycle increases 
significantly [54]. 
Heat recovery from molten CuCl was studied by Jaber et al. [57]. A direct 
contact heat exchanger was proposed and the convective heat transfer between molten 
CuCl droplets in a counter-current spray flow was evaluated. The results showed that full 
15 
 
heat recovery can be achieved with a heat exchanger diameter of 0.13 m and heights of 
0.6 and 0.8 m for a 1 and 0.5 mm droplet diameter, respectively. 
The feasibility of using copper(I) chloride as a working fluid in a new high 
temperature heat pump with vapor compression was investigated by Zamfirescu et al. 
[58]. It was shown that CuCl can be used as a working fluid in a vapor compression heat 
pump, and the oxygen reactor of the copper-chlorine cycle can be linked with the CuCl 
heat pump system. 
A heat exchanger design recovering heat from oxygen gas exiting the oxygen 
reactor of the copper-chlorine cycle was presented by Rabbani et al. [59]. Based on 
energy and exergy analysis, the best possible path for the recovered heat from oxygen 
was also examined. 
A majority of heat recovery within the copper-chlorine cycle can be achieved by 
cooling molten CuCl exiting the oxygen reactor step of the cycle at about 530oC. Since 
the melting point of CuCl is about 430oC, solidification occurs as molten CuCl cools. 
Two types of heat exchangers can be considered for heat recovery from molten 
CuCl: direct and indirect contact. In a direct contact heat exchanger (e.g. an atomization 
process) molten droplets are released from the top of the heat exchanger whereas air or 
steam flows upwards. The droplets are cooled and solidified during the descent. In an 
indirect contact heat exchanger (e.g. a casting/extrusion process), molten CuCl flows 




2.5 Heat transfer and solidification in an atomization process 
One of the possible processes of heat recovery from molten CuCl is atomization and 
solidification. The temperature transition of a solidifying droplet is of major importance 
the heat recovery process.  
The forced convection heat transfer rate for a variety of process configurations 
have been studied in the past. For a flow past a single sphere, a steady-state conduction 
solution exits which yields [60] 
𝑁𝑢 = 2 (2.5) 
provided that the sphere is immersed in an infinite media. To obtain a correlation for the 
Nusselt number, a functional dependence on Reynolds and Prandtl numbers is chosen as 
follows. 




subject to the restriction that 𝑓(𝑅𝑒)→0 as Re→0. Richardson [61] recommended that the 
heat transfer from the sphere be considered as two parallel processes. In the laminar 
boundary layer region, the contribution to the Nusselt number should be of the form 
Re1/2Pr1/3, while in the wake region the contribution should be of the form Re2/3Pr1/3, so 
that Equation (2-6) could be expressed as 












On the basis of the work of Vliet and Leppert 62] and the supporting data of 
Kramers [63], the exponent on the Prandtl number is chosen to be 0.4 and the exponent 
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on the viscosity ratio is taken to be 1/4. The constants a and b are chosen to obtain a good 
fit with the experimental data. The final form of Equation (2-7) is [64]: 











This expression has been compared with experimental data and the agreement was quite 
good, the scatter of the data around the correlation being ±30% at the worst. The ranges 
of values of the parameters are: 
3.5 < 𝑅𝑒 < 7.6 × 104 






A special case of convection heat and mass transfer from spheres relates to 
transport from freely falling liquid drops where the correlations of Ranz and Marshall 
[65] have been widely used. 
When a droplet breaks away from the feeding system, it may oscillate in shape 
and have some internal motion caused by the formation process. As the droplet 
accelerates, internal circulation is created by the shear stress on the surface and 
aerodynamic forces tend to distort the shape of the droplet. Yao and Schrock [66] 
suggested a transient correction factor for the Ranz-Marshall correlation which accounts 
for the effects of vibration and distortion of the drop shape as it falls. The authors 
presented two methods to model the internal heat transfer of a droplet: one by solving the 
internal heat conduction equation and the other by assuming a uniform temperature within 
the droplet. The uniform temperature within the droplet is due to internal mixing of liquid 
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within the droplet. It is difficult to account precisely for contributions of drop distortion 
and internal resistance; however, the approximate empirical procedure developed by Yao 
and Schrock [66] gives accurate predictions for water droplets with diameters ranging 
from 3 mm to 6 mm.  
Melissari and Argyropoulos [67] developed a numerical model to describe the 
transport phenomena involved when a melting sphere is immersed in a moving fluid. The 
model was used to predict the melting times of various spheres immersed in fluids with 
different Prandtl numbers. A dimensionless heat transfer correlation for forced convection 
over a sphere was proposed and the results were compared with experimental data for 
liquid metals and water. 
Solidification is a particularly complicated process and very different from 
melting, because it requires three different steps [68]: 
- Supercooling: The liquid has to be cooled to a certain temperature, called the nucleation 
temperature, which is generally lower than the melting temperature. The degree of 
supercooling ΔT is defined as the difference between the melting or equilibrium 
temperature and the nucleation temperature. 
- Nucleation: This process is characterized by the formation of critical nuclei in the 
supercooled liquid. - Growth of the nuclei. This process can be limited by the viscosity of 
the liquid. 
In industrial processes including the manufacture of solid spheres, such as 
atomization or prilling, an understanding of the temperature transition of the spheres is of 
prime importance. The heat flow conditions prevailing during solidification determine the 
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resulting microstructures of the solids, mostly in the case of atomization of metals. In the 
case of non-metallic substances, which are solidified in prilling towers (such as manures 
or washing powders), the time for complete solidification is a particularly important 
parameter  
The analysis of the solidification of a droplet is of great importance in the study 
of spray crystallisation processes. Spray crystallisation can be simply described as the 
solidification of a liquid by atomization into a relatively cold atmosphere [69]. It is a 
process developed for the powder production of a range of materials such as foodstuffs 
[70], metals [71], pharmaceuticals [72], and the artificial production of snow [73]. 
There are two types of experimental techniques for the study of single droplets: 
free flight and levitation. Free flight studies involve allowing a droplet to free fall and 
measuring the variables by observation or catching the droplet at different heights [66]. In 
the levitation method, the droplet remains stationary while air flows past it. Levitation 
techniques may be non-intrusive or intrusive. 
Non-intrusive levitation employs electromagnetic [75], electrostatic [76], or 
aerodynamic [77] forces to levitate the droplet freely. The non-intrusive methods have the 
advantage of better approximating actual conditions, but the experimental apparatus 
required is generally expensive. Intrusive methods involve suspending a droplet on a thin 
mesh or plate, or the junction a thermocouple. The suspension of droplets on 
thermocouples has been extensively used in past studies [78-80].    
Several works have been performed in the field of solidification in atomization 
processes [81,82]. Liu et al. [83] investigated the droplet-gas interactions in spray 
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atomization of a Ta-2.5W alloy using nitrogen gas. A two-dimensional flow model and a 
lumped parameter formulation, based on the modified Newton’s law of cooling, were 
developed to simulate the flow and heat transfer phenomena, including rapid 
solidification of droplets in the spray cone. It was assumed that the concentration of 
droplets in the atomization gas was sufficiently dilute, so that interactions between 
droplets were neglected. The gas flow was not solved, but an exponential correlation for 
the gas velocity distribution was assumed. Zeoli et al. [84,85] developed a numerical 
model, which combines both a cooling process and break-up, in an atomization process 
for powder production, in a single computation. The gas flow was computed using the 
commercial software FLUENT. The predictions demonstrated that droplets have very 
similar profiles during gas atomization. A major factor influencing the atomization and 
solidification processes of droplets is in-flight distance. In another study, a simulation 
method to predict the solidification of gas-atomized Sn-5% Pb (on a mass basis) droplets 
was developed by Li et al. [86]. The model predicts the mode of nucleation, the 
undercooling, the recalescence time and duration, the post-recalescence plateau duration, 
and the fraction of solid at the end of recalescence. They assumed a uniform droplet 
temperature during solidification and adopted the model proposed by DiVenuti [87] for 
the droplet temperature variation. However, unlike the present research, the objective of 
all these works was solidification, rather than heat recovery.  
A number of studies on spray tower heat exchangers have been reported, 
concerning heat and mass transfer characteristics between dispersed and continuous 
phases. The dispersion of a PCM (phase change material) liquid and the solidification of 
PCM droplets in a heat exchange fluid with a low temperature was experimentally 
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investigated [88]. The solidification fraction of the solidified oil droplets was expressed in 
terms of the Stefan number, droplet Reynolds number, and non-dimensional temperature 
ratio. Song et al. [89] obtained an analytical solution for direct contact heat transfer 
between two immiscible liquids in a counter-current spray column. The explicit formulae 
for the column height required for complete evaporation, and the temperature of the 
continuous phase at the end of evaporation, were given. Recently, Jaber et al. [57,90] 
presented a predictive model of droplet flow and heat transfer from molten CuCl droplets 
in a counter-current spray flow heat exchanger. For a case with a CuCl flow rate of 3.4 g/s 
and air flow rate of 3 g/s, the required height of the heat exchanger is 0.6m (for droplets 
with a diameter of 1mm) and 0.8 m (for droplets with a diameter of 0.5mm). For both 
cases, the inlet and exit CuCl temperatures were 530oC and 70oC, respectively. The air 
stream had inlet and exit temperatures of 25oC and 493oC, respectively. The authors 
assumed that the temperature distribution within the droplet was spatially uniform. The 
presented results do not seem reliable. Therefore, futher analytical studies are required. 
Also, experiments need to be performed to investigate the feasibility of the process for 
heat recovery from molten CuCl. 
2.6 Heat transfer and solidification in a pipe  
As mentioned earlier, the casting/extrusion method is identified as a potentially 
advantageous method for recovering heat from molten CuCl. Modeling of the 
solidification during the casting process has been investigated by many authors [91-95]. 
Most assumed that conduction heat transfer was the main heat transport mechanism of 
significant importance, and convection heat transfer from the molten metal to the solid 
shell was not considered.  
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In past literature, a number of works have been reported to predict solidification 
of liquids flowing through pipes [96-98]. Sampson and Gibson [99] developed a 
mathematical model for solidification of a liquid metal with a low Prandtl number, 
flowing through a pipe maintained at a subfreezing temperature. In another study, Conde 
et al. [100] presented a two-dimensional model, using commercial software FLUENT, to 
analyse the freezing of water, olive oil, and aluminum in tubes under laminar conditions. 
The authors validated their model with experimental results of blocking lengths, provided 
earlier by Cheung and Baker [101]. Most of the previous researchers assumed a constant 
wall temperature. Recently, Seeniraj and Hari [102] studied the transient freezing of 
warm liquids flowing through convectively cooled pipes under laminar and turbulent flow 
conditions. In the limiting case, the results agreed with those reported earlier for steady 











Chapter 3 Approach and Methodology 
3.1 Approach 
A thermal analysis of the four step copper-chlorine cycle is required to determine the heat 
recovery opportunities within the copper-chlorine cycle. It is shown that a majority of the 
heat recovery can be achieved by cooling molten copper(I) chloride. Heat recovery from 
molten CuCl is challenging due to the phase change of the material from liquid to solid as 
it cools. Solidification of molten CuCl during the cooling process will clog the 
equipment, hence conventional heat exchangers cannot be used. 
Different devices for heat recovery from molten copper(I) chloride in the Cu-Cl 
cycle are presented. These options include atomization and steam generation with a 
quench bath, atomization and steam generation with a separate vessel, atomization and 
droplet descent in counter-current flow, atomization by air or other inert gases in 
concurrent flow, rotary/spinning atomization, casting/extrusion method, and drum flaker. 
Heat transfer rate, the potential of introducing extra substances into the cycle, energy 
efficiency and temperature retention, economics, material issues, design feasibility, and 
safety issues are considered in the evaluation of the methods. This comparative approach 
is by necessity approximate due to lack of practical data for the Cu-Cl cycle. Sufficient 
data is not available for performing an economic investigation. Nonetheless, 
casting/extrusion method seems to be the most cost-effective method. Based on present 
comparative assessment, casting/extrusion configuration, atomization with separate vessel 
using water as a coolant, and rotary/spinning atomization using air as a coolant are 
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recognized as the most advantageous. processes of heat recovery from molten CuCl in the 
copper-chlorine cycle. 
Casting/extrusion method represents an indirect-contact heat transfer from the 
molten CuCl. A mathematical model is developed to analyze an indirect-contact heat 
exchanger. This is a counter-current double-pipe heat exchanger in which the molten 
CuCl flows through the inner pipe while the coolant flows through the outer pipe. 
Solidification during heat transfer from the molten material is investigated in modeling of 
the system. Both laminar and turbulent flow conditions are studied. 
Afterwards atomization method is investigated. This method includes a direct 
contact heat transfer process from the droplets of molten CuCl to the coolant. A 
predictive model is presented to model solidification of molten CuCl droplets during the 
falling. The model can be used in developing a heat recovery system design for a 
thermochemical hydrogen production plant.   
3.2 Methodology 
Pinch analysis is used to determine the heat distribution and the maximum recoverable heat within 
the Cu-Cl cycle, and how heat recovery can be integrated effectively into the overall cycle. 
For a casting/extrusion method (i.e., indirect contact heat recovery), the governing 
equations are normalized by defining dimensionless variables. For the laminar flow 
condition, the energy equation is solved analytically to obtain the spatial bulk mean 
temperature. For the turbulent flow condition, the normalized equations are solved 
numerically using finite difference method. 
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For an atomization method (i.e., direct contact heat recovery process), a four-stage 
solidification model is developed analytically. Each stage is investigated separately. The 
prediction of the temperature transition of each stage is undertaken by balancing the 
internal energy of the droplet against the heat loss to the environment. Established 
methods of modeling heat and mass transfer are employed in this study. Two models are 
used to predict the temperature of the droplet during the flight. The first model solves the 
internal heat conduction equation while the second model assumes a uniform temperature 
distribution within the droplet. Experimental studies are also performed to examine the 
behavior of molten CuCl in a direct-contact heat recovery system, and investigate the 
feasibility of the process for heat recovery from molten CuCl.   
3.3 Assumptions and simplifications 
Major assumptions and simplifications employed in the modeling of are presented in this 
section. Other assumptions and simplifications, that are limited to specific stages of the 
research, are identified at the appropriate points in the thesis. For an indirect contact heat 
recovery process, the following assumptions and heat exchangers are used [99-102]. 
- It is assumed that the heat exchanger is well insulated. Therefore heat loss from 
the heat exchanger to the surroundings is negligible. 
- It is assumed that the liquid bulk mean temperature reaches a steady-state 
distribution instantaneously as the freeze-front radius changes. This assumption is 
believed to be reasonable for turbulent flows and Prandtl numbers higher than 0.5. 
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- The axial growth of the solidified layer is much slower than the rate of change 
of the temperature of the liquid with time. This allows us to neglect the time derivative of 
the temperature in the heat conduction equation for the solid layer. 
- The axial conduction in the solid layer is negligible with respect to the bulk 
transport in the axial direction. This is valid for fluids with Pr>0.5. 
- Fully developed flows are assumed throughout the tubes. 
- CuCl properties are assumed to be constant at the melting point. 
For a direct contact heat transfer modeling, the following assumptions are 
applied [66,78]: 
- CuCl vapor is assumed to behave as an ideal gas. 
- It is assumed that the droplet shape is constant and spherical during the falling. 






Chapter 4 Pinch Analysis for Recovering Thermal 
Energy in the Copper-chlorine Cycle  
4.1 Introduction 
Pinch analysis is a methodology for minimizing the energy consumptions of processes, by 
calculating thermodynamically feasible energy targets, and achieving them by optimizing 
heat recovery systems, energy supply methods, and process operating conditions. This 
method is also known as a process integration or pinch technology [103-111]. 
The pinch analysis has been first developed for studying energy savings in the 
chemical process industry [107]. Since then, the pinch analysis has been applied in many 
industrial sectors where thermal operations occur [111-114]. This analysis offers a 
systematic approach to optimum energy integration in a process. One of the key 
advantages of pinch analysis is the ability to set an energy target which is the minimum 
theoretical energy demand for the overall process. The principle objective of this analysis 
is to match cold and heat process streams with a network of heat exchangers so that 
demands for externally supplied utilities are minimized. The best design for an energy-
efficient heat exchanger network will result in a trade-off between the energy recovered 
and the capital costs involved in the energy recovery [103]. 
In this chapter, the pinch analysis is used to compute the maximum recoverable 
heat within the copper-chlorine cycle, and areas where heat recovery is beneficial. 
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Different options for using the recovered heat in the copper-chlorine cycle are also 
explored [115]. 
4.2 Pinch analysis concepts 
In this section, the key concepts of pinch analysis are presented.  The starting point for a 
pinch analysis is to identify all the process streams that need to be heated and all those 
that need to be cooled. This means identifying the streams, their flow rates and thermal 
properties, phase changes, and the temperature ranges through which they must be heated 
or cooled. A differential heat flow (dQ), when added to a process stream, increases its 
enthalpy (H) by CdT, where C is the heat capacity rate and dT is differential temperature 
change. With C assumed constant, the total heat added to bring a cold stream from a 





=C(TT– TS)=∆H (4.1) 
This allows plotting of the temperature versus enthalpy to provide a composite curve of 
all streams that require a heat source. The same procedure is followed to prepare a 








In reality, the heat capacity generally tends to increase with temperature, 
resulting in some curvature in the curves. However, the use of temperature-dependent 
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properties does not change the heat integration method; only the details of the 
computations are changed [103]. 
Since we are mainly concerned with enthalpy changes of streams in the present 
analysis, a given stream can be plotted anywhere on the enthalpy axis, provided it has the 
same slope and runs between the same supply and target temperatures. For feasible heat 
exchange between the two streams, the hot stream must be at all points hotter than the 
cold stream, so it should be plotted above the cold stream. The cold stream should be 
shifted on the H-axis relative to the hot stream so that the minimum temperature 
difference (∆Tmin) is positive and finite. The overlap between the composite curves 
represents the heat recovery target, while the needs for external heating and cooling are 
represented by the non-overlapping segments of the cold and hot composite curves, 
respectively. 
To handle multiple streams, the heat loads or heat capacity rates of all streams 
existing over any given temperature range are added together. So a single composite of all 
hot streams and a single composite of all cold streams are produced on the T-H diagram. 
For a given value of ∆Tmin, the quantities predicted are the minima required to solve the 
heat recovery problem. ∆Tmin occurs at the point of closest approach, which is called the 
pinch. The optimum value for ∆Tmin is generally in the range of 10-40 K. For a given 
∆Tmin, the composite curves define the utility cooling and heating duties. The composite 
curves can be used to evaluate the overall tradeoff between energy and capital costs. An 
increase in ∆Tmin causes an increase in the energy costs, but also provides a larger driving 
force for heat transfer which yields a reduction in capital costs [103]. 
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4.3 Thermal analysis of the copper-chlorine cycle 
The heat requirements for the four steps of the copper-chlorine cycle are evaluated in this 
section. Table 4-1 summarizes the four steps of the Cu-Cl cycle along with the 
temperature range of each step [45]. 
Table 4-1 Reaction steps in the Cu-Cl cycle 
Step Reaction Temperature Range (K) 
1 2CuCl(aq)+2HCl(aq)→H2(g)+2CuCl2(aq) 343-363 
2 CuCl2(aq)→CuCl2(s) 333-353 
3 2CuCl2(s)+H2O(g)→Cu2OCl2(s)+2HCl(g) 648 
4 Cu2OCl2(s)→2CuCl(l)+ 1 2⁄ O2(g) 803 
 
The heat required for drying aqueous CuCl2 is 122 kJ/mol H2, including the heat 
required for vaporizing water and the enthalpy of dissolution [54]. The sensible heat 









where Cp is found from the following correlation [116]:  
Cp
CuCl2=70.21882+23.36132t–14.86876t2+4.053899t3– 0.366203/t2                     (4.4) 
Here, 𝑡 is equal to 𝑇/1000. 
The heat required for steam production in the hydrolysis step is 57.8 kJ/mol H2, 
which consists of the heat required for increasing the temperature of water from 298 K to 
373 K, vaporizing water at 373 K, and increasing the temperature of steam from 373 K to 
648 K. The specific heat for liquid and water vapor is calculated by using Equations (4.5) 
and (4.6) respectively [116]: 
Cp




H2O(g)=30.09200+6.832514t–6.793435t2– 2.534480t3+0.082139/t2                    (4.6) 





The heat released during cooling of HCl from 648 K to 298 K is 2.47 kJ/mol H2. 
 Copper oxychloride exiting the hydrolysis step at 648 K should be heated to 803 
K to be used as a reactant in the oxygen production step. The heat required is 17.81 
kJ/mol H2. Cp is calculated based on the following correlation [117]: 
Cp
Cu2OCl2=99.23243+21.62162t                                                                               (4.8) 
Similar to Equation (4-7), the heat of reaction for step 4 is found to be 138.39 kJ/mol H2. 
The heat released during cooling and solidification of molten CuCl is 74.74 kJ/mol H2. 
This includes the heat required for cooling molten CuCl from 803 K to 703 K, the heat of 
solidification at 703 K, and the heat required for cooling solidified CuCl to 298 K. Cp for 
molten and solidified CuCl is calculated using the following correlations [116]: 
Cp
CuCl(l)=66.94400–3.699628×10-10t+2.166748×10-10t2 
              –3.900460×10-11t3– 9.813196×10-12/t2                                                   
(4.9) 
Cp
CuCl(s)=75.27100–26.83212t+25.69156t2– 7.357982t3– 1.847747/t2  (4.10) 
The heat released during cooling of oxygen gas from 803 K to 298 K is 7.97 kJ/mol H2. 
Cp of the oxygen is calculated from the following equations [116]: 
Cp
O2=31.32234-20.23531t+57.86644t2-36.50624t3-0.007374/t2          (4.11) 
Cp
O2=30.03235+8.772972t-3.988133t2+0.788313t3-0.741599/t2                         (4.12) 
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Equation (4.11) is valid for the temperature range 100 - 700 K, and Equation (4.12) is 
valid for the temperature range 700 – 2,000 K. 
4.4 Pinch analysis for internal heat flows 
Table 4-2 shows the distribution of heat requirements in the Cu-Cl cycle, based on a 
hydrogen production rate of 3 kg/day. About 18% of the total heat requirement for the cycle 
can be recovered within the cycle. About 88% of the heat recovery can be achieved by 
cooling and solidifying molten CuCl. Heat recovery from HCl is less than 3% of the total 
recovered heat in the cycle, hence it is not considered. The theoretical temperature-enthalpy 
diagram with ∆Tmin = 0 is shown in Figure 4-1. The cold stream represents the heat 
required for vaporizing water from CuCl2(aq), heating CuCl2(s), producing steam, 
providing the hydrolysis heat of reaction, heating Cu2OCl2 and providing the heat of 
reaction for Cu2OCl2 decomposition. Vertical dashed lines separate different steps of the 
cycle in the cold stream. The hot stream represents the heat released during cooling and 
solidification of molten CuCl and cooling of O2 gas. Heat losses to the environment are 
not considered here.  
In practice, a positive minimum temperature difference between the hot and cold 
stream is required for heat transfer. There are two approaches to provide the required 
minimum temperature difference. In the first approach (see Figure 4-2), the cold stream is 
shown to be shifted on the H-axis so that ∆Tmin = 40 K. The heat recovery region is 
shown on the graph by vertical dashed lines. The hot stream is plotted above the cold 
stream since it has a higher temperature. As also shown in table 4-2, the total heat 
released in the cycle is not sufficient to provide the total heat requirement of the cycle. 
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From Figure 4-2, 1.24 kW of the heat recovery rate from molten CuCl and oxygen gas 
can be used in the drying step. About 0.2 kW of the heat recovery rate cannot be used due 
to an insufficient temperature difference between the hot and cold streams. Hence 6.92 
kW of external heating is required for the remainder of the cycle. 
The second approach is to divide the hot stream into two separate parts (see 
Figure 4-3). The high temperature part is shifted on the H-axis relative to the cold stream 
to reach the minimum temperature difference of 40 K. Two separate heat recovery regions 
are shown by vertical dashed lines in Figure 4-3. In this case, 0.38 kW of the heat 
recovery rate is used in the drying step and 0.86 kW for heating the reactants of the 
hydrolysis reaction. As noted above, 0.2 kW of the heat recovery rate is not usable within 
the cycle. 

































kW % kW % 
1 0 0 - 0 0 0 - 0 0 
2 2.12 26.0 Drying 2.12 100 0 - 0 0 
3 3.33 40.8 
Reaction 1.4 42 








4 2.71 33.2 
Reaction 2.4 89 
1.44 
Cooling O2 0.14 10 
Heating 
Cu2OCl2 
0.31 11 Cooling 
CuCl 1.3 90 




Figure 4-1 Temperature-enthalpy diagram with ∆Tmin = 0 
 























































Figure 4-3 Temperature-enthalpy diagram with two heat recovery regions 
4.5 Layout options for the integration of internal and external heat flows 
The pinch analysis and heat flow profiles presented in the previous section provide a solid 
basis for the study of heat recovery. However, the pinch analysis is applicable to internal 
heat flows and based on ideal assumptions that no heat losses exist. As for the external hot 
stream that transports heat by a heat transfer fluid from a nuclear reactor or a solar thermal 
plant to the Cu-Cl cycle, as shown in Table 4-1, the temperature requirement for step 4 
(oxygen production step) is 803 K, which means that the heat transfer fluid (external hot 
stream) entering the cycle must be significantly higher than 803 K, and the heat transfer 
fluid still has a temperature of over 803 K when it exits step 4. Considering the driving 
temperature difference for efficient heat transfer, the minimum temperature exiting step 4 


























the Cu-Cl cycle may be raised. The same situation exists for step 3 (hydrolysis) and the 
minimum outlet temperature, T32,  can be assumed as 668 K, which is 20 K higher than the 
reaction temperature 648 K, so as to provide the heat transfer driving temperature. 
However, the outlet temperature of step 3 could also be adjusted to be higher than 648 K to 
meet the heat requirement of the downstream step. As for step 2, the temperature 
requirement is 333-353 K, which is about 300 K lower than the exiting temperature of the 
heat transfer fluid for step 3. Therefore, the exiting temperature for step 2 is flexible in the 
engineering design. Figure 4-4 shows a flowchart for the external hot stream. The inlet 
temperature (Ti) of the cycle depends on the heat sources and pipeline heat losses, and the 
outlet temperatures T32 of step 3 and To of the cycle can be adjusted so as to meet the heat 
distribution requirement of Table 4-2. 
 
Figure 4-4 External heat flows from heat source to the thermal steps of Cu-Cl cycle 
 Assuming the external heat transfer fluid does not undergo phase change when 
passing through the Cu-Cl cycle and the heat capacity of the heat transfer fluid does not 
change significantly in the temperature range of interest, the percentage of heat transferred 
to each step of the cycle, presented in Table 8-1, depends mainly on the temperature 
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× 100 = 33.2%        𝑇43 > 823 K (4.13) 
𝑇43 − 𝑇32
𝑇𝑖 − 𝑇𝑜
× 100 = 40.8%     𝑇32 > 668 K (4.14) 
The values of 𝑇32and 𝑇43 are set to 668 K and 823 K, respectively. From 
Equations (4.13) and (4.14), the values of 𝑇𝑖 and 𝑇𝑜 are found to be 949 K and 569 K, 
respectively. If the heat source cannot provide the temperature of 949 K, the flow rate of the 
heat transfer fluid must be increased to meet the required heat quantity of step 4. 
Considering the available temperature of various heat sources, the temperature of 949K is 
not practical in industry. For example, the maximum outlet temperature of supercritical 
water-cooled reactors (SCWRs) planned for the future is 898-923 K, and the maximum 
temperature of current solar thermal plants is 823 K [118,119]. Considering heat losses in 
the pipeline, the temperature will be reduced further. Therefore, the inlet temperature for 
step 4 must be lowered.  If the internally released heat is transported to steps 2 and 3 of the 
cycle, assuming that the heat recovery efficiency is about 60%, the heat requirement of the 
Cu-Cl cycle will change, as shown in Table 4-3.  
Table 4-3 Heat distribution in the Cu-Cl cycle (considering internal heat recovery) 
Step Heat input rate (kW) Portion of total heat input rate (%) 
1 0 0 
2 1.9 25.6 
3 2.81 37.9 
4 2.71 36.5 




The values of 𝑇𝑖 and 𝑇43 are set to 903 K and 823 K, respectively. Applying the 
heat input percentages of Table 4-3 to Equations (4.13) and (4.14), the values of 𝑇32 and 𝑇𝑜 
are found to be 740 K and 684 K, respectively. Figure 4-5 shows the layout of internal and 
external heat flows. Table 4-4 summarizes the temperature distribution with and without 
internal heat recovery. The inlet temperature of 903K can then likely be satisfied by future 
SCWRs. In addition, the heat “quality” leaving of Cu-Cl cycle is enhanced by 100 K, which 
can allow it to be used for other purposes, e.g., to drive a gas turbine or generate steam for a 
steam turbine. 
 
Figure 4-5 Layout for external and internal heat flows for the Cu-Cl cycle 
Table 4-4 Temperature distribution in the Cu-Cl cycle considering internal heat recovery  
Temperature 
Inlet temperature 





T 32, K 
Outlet temperature of 
Cu-Cl cycle, 
To, K 
No heat recovery 949 668 569 
60% of internal heat is recovered 




4.6 Closing remarks 
In this chapter, the pinch analysis is used to find the maximum heat recovery within the 
copper-chlorine cycle, and where in the cycle the recovered heat can be used efficiently. It 
is shown that about 88% of the heat recovery can be achieved by cooling and solidifying 
molten cooper(I) chloride exiting the oxygen reactor step. Two options for using the 
recovered heat in the Cu-Cl cycle are presented. All of the recovered heat can be used in the 
drying step, or 58% of heat recovery can be used to in the hydrolysis and the remainder in 
the drying step. The second option is shown to be more appropriate. It is also shown that by 
transferring 60% of the recovered heat to steps 2 and 3, inlet temperature of the Cu-Cl cycle 
can be decreases from 949 K to 903 K, while outlet temperature of the cycle increases from 
569 K to 684 K. In the next chapters, several configurations for heat recovery from molten 
CuCl will be presented and predictive models will be developed to investigate the selected 
methods.   
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Chapter 5 Methods of Heat Recovery from Molten 
Copper(I) Chloride 
5.1 Introduction 
As discussed in the previous chapters, recovering heat during the solidification of molten 
copper(I) chloride is crucial to the efficient performance of the copper-chlorine cycle. A 
number of processes for recovering heat from molten CuCl will be discussed [120,121], 
and assessed in terms of applicability to the Cu-Cl thermochemical cycle for hydrogen 
production. These methods are based on existing industrial processes for molten 
materials, which were developed for heat recovery from molten CuCl in the copper-
chlorine cycle. A comparative assessment will be presented to find the most promising 
processes for heat recovery from molten CuCl. It is assumed that there is no CuCl loss in 
the cycle. However, in reality, additional supply or recovering CuCl in the cycle may be 
required to compensate for the CuCl loss. 
5.2 Atomization and steam generation with a quench bath 
This process, as shown in Figure 5-1, involves the atomization of molten CuCl in high 
temperature steam [122]. The atomized salt falls into a quenching water bath. During the 
descent, the droplets or particles of CuCl further transfer their residual heat to the upward 
flowing steam. The goal of this process is to generate high temperature steam with the 
atomization process, and low temperature steam when solidification is finalized in the 
quench bath. Another goal of this method is to avoid introducing other atomization gases 
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into the Cu-Cl cycle. Since CuCl has little reactivity with water and has weak solubility in 
water, the mixture of CuCl and water can be directly produced for the preparation of the 
aqueous solution of CuCl for the copper-chlorine cycle. 
 
Figure 5-1 Atomization and steam generation with quench bath 
In this process, high temperature steam will be diluted by saturated water vapor 
rising from the quench bath. This will limit the steam production to saturated steam, unless 
the vessel is pressurized.. If the vessel needs to be pressurized, then the molten CuCl will 
also need to be pressurized. This can be achieved with molten salt pumps. This would 
entail high cost components due to the high temperature and corrosivity of the working 
fluid. When liquid water is present in the system, it is not possible to generate superheated 
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steam. A superheater would be required to raise the temperature and pressure of the steam 
prior to recirculation to the atomizer. Heat losses will also be experienced in the steam 
circulation loop (through blower, ducting, valves, buffer and settlement tanks, among other 
components). The dimensions of the droplets, or the solidification extent before the 
droplets fall into the water bath, should prevent a steam explosion [123]. To reduce the 
build-up of CuCl salt on the vessel walls, the diameter of the vessel should be large 
enough, or the vessel walls can be rapped with rapping hammers, which create vibrations 
and dislodge solidified material. 
5.3 Atomization and steam generation with a separate vessel 
This method is similar to the previous method, however the quench bath is removed from 
the granulation vessel and CuCl is solidified completely in the vessel freeboard. It forms a 
bed of hot solid particles (see Figure 5-2). Solids from this bed are then discharged by a 
conveyor to a quenching vessel, and steam from the quenching vessel flows into the 
granulation vessel. 
This method allows the generation of superheated steam due to the absence of a 
water bath in the atomization vessel. Moreover, the control of droplet dimensions is not 
critical because the risk of steam explosion is eliminated. However, this method requires 
corrosion protection to discharge high temperature solid CuCl particles. 
5.4 Atomization and droplet descent in counter-current flow 
This approach is based on a method used to make lead shot and ball bearings. In this 
process, molten material is dropped through a vessel (see Figure 5-3). As the material falls, 
it naturally breaks up, or is shaken into smaller droplets which solidify before reaching the 
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bottom of the vessel. A counter-current air flow is used to recover heat from the process. A 
fluidized bed at the base of the column could be used to remove the additional latent 
energy. 
Pumping CuCl to the top of the vessel may be difficult due to chemical attack on 
piping and pump components, and the need to keep the material at elevated temperatures 
to prevent solidification during transport. This may consume an excessive amount of 
power. The viscosity of CuCl changes from 2.6 mPa.s at 436oC to 1.7 mPa.sat 627oC [50]. 
Comparing with the viscosity of water which is about 0.9 mPa.s at 25oC, the viscosity of 
molten CuCl could not be problematic in pumping. Integration of this process into the 
complete Cu-Cl cycle may require the previous step to be carried out at an elevation. This 
would avoid pumping of molten CuCl. 
 




Figure 5-3 Atomization by falling through counter-current flow 
5.5 Atomization and solidification by air or other inert gases in co-current flow 
In this method, shown in Figure 5-4, molten CuCl is granulated through atomization, and 
solidification with air or an inert gas. Hot gas produced by the process is intended to 
supply heat to downstream processes. Horizontal arrangements may need larger horizontal 
space with respect to the molten salt trajectory and atomization behavior. A build-up of 
CuCl on equipment and vessel walls should be avoided as noted earlier. This is more 
difficult to achieve with a horizontal configuration, compared with a vertical 
configuration. Entrainment of hot CuCl dust in the air to downstream equipment with hot 
gas could become a problematic issue. Entrained dust could be captured by a cyclone 
separator that is placed immediately downstream of the air outlet.  
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In another possible process, the molten salt is mixed with water and sprayed into 
a vessel. The droplets should be solidified before coming into contact with the walls of the 
vessel. 
 
Figure 5-4 Atomization and solidification by air or other inert gases 
5.6 Rotary/spinning atomization 
In this method, as illustrated in Figure 5-5, a nozzle introduces the molten salt at the centre 
of a spinning disk or rotary cup. A centrifugal force carries the fluid to the edge of the disk 
and throws the fluid off the edge. The liquid forms sheets that break into droplets. The 
spray pattern tends to move radially away from the disk or cup in all directions. 
The reactivity of molten CuCl should be considered in choosing the materials of 
the moving parts in contact with the salt. Like previous methods, the diameter of the vessel 
should be large enough to avoid build-up of the molten salt on the walls. The transport of 




Figure 5-5 Rotary/spinning atomizer 
5.7 Casting/extrusion method 
The system consists of a channel which is cooled by a coolant (Figure 5-6). A similar 
process is used for steam generation in a molten salt nuclear reactor except that the molten 
salt in a molten salt reactor always retains a molten state. 
Molten material flows through the channel. A screw extruder, similar to the 
extrusion method in processing of plastics, is set into the solidified material at the exit of 
the channel. Once the molten material is cooled and solidified, it is removed by the 
extruder to prevent plugging of the channel. An alternative way to remove the solidified 
material is to use a flexible scraping pull bar at the bottom of the channel. 
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This method seems simpler and more compact than atomization methods. 
Materials that can withstand molten CuCl should be considered in the present application. 
 
Figure 5-6 Casting/extrusion method 
5.8 Drum flaker 
Drum flakers are used commercially to solidify melts continuously. A typical drum flaker 
is shown in Figure 5-7. The solidification of the molten material is accomplished by 
applying a layer of material onto the outer surface of a hollow metal cylinder rotating 
around a horizontal axis, while the inner surface is cooled by a coolant [124]. The material 
is solidified, cooled and removed by a knife or blade. In this operation, the surface 
temperature of the drum is controlled to be lower than the melting point of the molten salt. 
The coolant could be air, other gases or water. At the time when air passes through the 
inside wall of the rotary drum, the molten salt would solidify at the outside wall of the 




Figure 5-7 Drum flaker 
5.9 Comparative assessment of heat recovery processes 
The objective of this section is to comparatively assess the methods discussed previously 
for recovering heat from molten CuCl in the Cu-Cl thermochemical cycle of hydrogen 
production (see Table 5-1). The assessment yields a ranking of the methods, from most to 
least advantageous. This comparative analysis is required to limit the number of heat 
recovery options examined to a tractable number of processes which are most likely to be 
beneficial. 
The comparative assessment was done using the following approach. Various 
parameters are considered in the ranking of the proposed methods. In each category, if a 
method has a considerable advantage in comparison with other methods, it is given a score 
of (+1). If a method has a significant disadvantage compared with other presented 
methods, it is given a score of (-1) in that category. If the method does not seem to be 
advantageous or disadvantageous, a score of (0) is given. In case where available data are 
inadequate to perform a comparative assessment, it is considered as “unknown”. The 
results of the present comparative analysis are given in Table 5-1. Table 5-1 is a two-part 
table, with the second part showing a horizontal continuation of the first part. 
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Regarding heat transfer, three parameters are considered: secondary heat 
exchanger, heat flux, and heat transfer area. In water systems, the heat is recovered by 
water which can be used in the cycle directly and an additional heat exchanger is not 
required. Therefore, these systems were given a score of (+1) in the category of secondary 
heat exchanger. In air systems, an extra heat exchanger is required to use the recovered 
heat in the cycle. This additional heat exchanger will reduce the overall efficiency and 
increase the costs. Thus, these methods are given a score of (-1) in the category of 
secondary heat exchanger. 
The heat transfer coefficient of cooling with water is much more than that of air. 
In the quench bath, since the water is boiling, its temperature is 100oC, so the temperature 
of the CuCl droplets will potentially reduce to 100oC, while in other methods, the CuCl 
temperature cannot be reduced as low as 100oC. Therefore, atomization with quench bath 
and separate vessel are given a score of (+1) in the category of heat flux. In the 
rotary/spinning atomization method, since the droplets fall on the plates, the heat flux is 
more than falling through a counter-current flow. Therefore, rotary/spinning atomization is 
given a score of (+1) while atomization by falling through counter-current flow is given a 
score of (0) in the category of heat flux. Co-current flow has a lower heat flux in 
comparison with counter-current flow. Therefore, atomization by air through a co-current 
flow is given a score of (-1) in the category of heat flux. In casting/extrusion and drum 
flaker methods, because of indirect contact between the molten salt and coolant, the 
overall heat transfer coefficient is potentially less than that in other methods. Therefore, 
considering the fact that the heat transfer coefficient in water systems is more than that in 
air systems, a comparative assessment yields casting/extrusion method and drum flaker 
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with water be given a score of (0). The drum flaker with air is given a score of (-1) in the 
category of heat flux. 
The heat transfer area in atomization methods is more than casting/extrusion, 
which is more than that of a drum flaker. Therefore all atomization methods are given a 
score of (+1) while casting/extrusion method is given a score of (0) and drum flaker is 
given a score of (-1) in the category of heat transfer area. 
Another parameter considered was the introduction of any additional chemical or 
substances into the cycle. The substances in the copper-chlorine cycle are copper, chlorine, 
hydrogen, and oxygen. Introducing any extra substances into the cycle will make the cycle 
more complicated. Also additional equipments may be required to use the recovered heat 
in different steps of the cycle. This may reduce the overall efficiency of the cycle. 
Therefore, it is desirable to avoid introducing any extra substances into the cycle. 
Therefore, air systems were given a score of (-1) in the corresponding category as they 
introduce air into the cycle. Water systems were given a score of (+1) in the category 
corresponds to introduction of extra substances to the cycle. 
It seems that energy efficiency (percentage of recovered heat from molten CuCl) 
is very similar in different methods, except a drum flaker where insulation is very difficult 
as explained e. Therefore, drum flaker was given a score of (-1) in the category of energy 
efficiency while other methods were given a score of (0). 
 In atomization with a quench bath, it is required to pressurize the whole vessel to 
produce high temperature steam; otherwise a very tall vessel is needed. Therefore 
producing high temperature steam is difficult. Regarding a drum flaker, pressurizing the 
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rotating component is also challenging. In addition, since the contact area between the 
coolant and molten salt gets fresh frequently, producing high temperature water or air is 
difficult. Other methods are similar in the case of temperature retention. Therefore, 
atomization with quench bath and drum flaker were given a score of (-1) while other 
methods were given a score of (0) in the category of temperature retention. 
Regarding economics, sufficient data were not available for comparing the 
methods. However, it appears that the casting/extrusion method is simpler than the drum 
flaker, whereas a rotating mechanism and sealing are more challenging. Therefore, 
casting/extrusion was given a score of (+1) and drum flake was given a score of (-1) in the 
category of economics. 
All methods except the drum flaker are similar, regarding the materials in contact 
with CuCl. The material of the drum, because of its rotation, is challenging. Also, in the 
methods that use air as a coolant, corrosion from the working fluid is an issue. Therefore, 
drum flaker and all air methods were given a score of (-1) while other methods were given 
a score of (0) in the category of materials. 
In the design category, three factors are considered: complexity of the system, 
ease of scale-up and ease of pressurization. Regarding complexity of the system, the 
atomizer is an issue in all atomization methods. Therefore, all atomization methods were 
given a score of (0) while casting/extrusion was given a score of (+1) in the category of 
complexity. A rotating mechanism and sealing are challenging for the drum flaker. 
Therefore, this method was given a score of (-1) in the complexity category. 
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Atomization systems which use air as a coolant are much easier for scaling up 
than water systems, hence these methods were given a score of (+1) in the category of 
scale-up. Scale-up of the casting/extrusion method is also challenging, as designing an 
extruder with a large diameter is challenging, hence this method was given a score of (-1) 
in the corresponding category. Atomization methods with water were given a score of (0) 
in the category of scale-up. 
Regarding pressurization, increasing the pressure of steam is more difficult than 
that of air. Therefore, air atomization systems were given a score of (+1) while water 
systems were given a score of (-1) in the category of pressurizing. In a drum flaker, 
because of its rotating mechanism, pressurizing is more difficult. Considering the fact that 
pressurizing of air is easier than steam, drum flaker with water was given a score of (-1) 
while drum flaker with air was given a score of (0) in the pressurizing category. 
Regarding safety, two parameters were considered: explosion and risk of injury. 
In all water systems, steam explosion is an issue because of sudden exposure of molten 
CuCl to water. Therefore, all of these methods were given a score of (-1) in the 
corresponding category. In addition, in water systems, potential injury is more serious than 
air systems, if an accident happens. Therefore, all water systems were given a score of (-1) 





Table 5-1 Comparison of various methods of heat recovery from molten CuCl (continued 
horizontally below)(1) 
Method 
Heat transfer Introduction 
of extra 
substances 
to the cycle 
Desired product 












quench bath (+1) (+1) (+1) (+1) (0) (-1) Unknown (0) 
Atomization with 









(-1) (-1) (+1) (-1) (0) (0) Unknown (-1) 
Rotary/spinning 
atomization (-1) (+1) (+1) (-1) (0) (0) Unknown (-1) 
























Atomization with quench 
bath (0) (0) (-1) (-1) (-1) (0) 
Atomization with 
separate vessel (0) (0) (-1) (-1) (-1) (+1) 
Atomization by falling 
through counter-current 
flow 
(0) (+1) (+1) (0) (0) (0) 
Atomization by air 
(concurrent flow) (0) (+1) (+1) (0) (0) (-1) 
Rotary/spinning 
atomization (0) (+1) (+1) (0) (0) (+1) 
Casting/extrusion (+1) (-1) (+1) (-1) (-1) (+2) 









(1) As mentioned in the text, in each column, a qualitatively score of (+1) is given to a method if the method 
has a considerable advantage in comparison with other methods. If the method has a significant disadvantage 
compared with other methods, it is given a score of (-1) in that column. If the method does not seem to be 
advantageous or disadvantageous, a score of (0) is given. 
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Finally, the scores given to each heat recovery process were added and a total 
score for each process was presented. Based on the total score obtained for each process, 
the methods can be ranked from the most to least advantageous. It is noted that all the 
parameters are weighted equally here, and the comparative assessment presented in this 
chapter is by necessity approximate due to the lack of practical data for the copper-
chlorine cycle. Therefore, overlaps between different parameters which were defined and 
used in the present analysis may be recognized. This inaccuracy would make the 
utilization of weighting factors for different parameters pointless. When sufficient data for 
the Cu-Cl cycle are available, a more realistic comparison may be achieved by defining 
more appropriate parameters and introducing weighting factors to the parameters analyzed.  
5.10 Closing remarks 
In this chapter several processes for heat recovery from molten copper(I) chloride, based 
on existing industrial technologies for molten materials, are presented. These methods are 
assessed comparatively to find the most advantageous methods. Based on the comparative 
analysis presented in this chapter, the casting/extrusion process, atomization with separate 
vessel using water/steam as coolant, and rotary/spinning atomization using air as a coolant 
are recommended for further investigation. Casting/extrusion process can be considered as 
a double-pipe heat exchanger in which indirect contact heat transfer occurs, while 
atomization processes represent a spray column heat exchanger where direct contact heat 
transfer takes place. These two types of heat exchangers will be modeled analytically in 




Chapter 6 Modeling of Selected Processes for Heat 
Recovery from Molten CuCl 
6.1 Introduction 
In the previous chapter, two heat recovery processes (i.e. casting/extrusion and 
atomization using air or steam) were recommended for further consideration. Based on 
the selected processes, two types of heat exchangers will be investigated in this chapter: 
indirect and direct contact types. In an indirect contact heat exchanger, the fluid streams 
remain separate and the heat transfers continuously through a dividing wall. In a direct 
contact heat exchanger, heat transfer occurs while the two fluid streams are in direct 
contact. Without a dividing wall, heat transfer between the two streams can take place 
across small thermal resistances. In addition, mass transfer can also occur. 
6.2 Indirect contact heat recovery process 
This section investigates the transient solidification of a hot liquid flowing through a pipe 
which is cooled by convection. This represents the casting/extrusion configuration that 
was presented in the previous chapter. Hot liquid enters the pipe at z=0 with a uniform 
temperature 𝑇𝑓, which is greater than the freezing temperature of the liquid, 𝑇𝑓 (see Figure 
6-1). A coolant at temperature 𝑇𝑐 < 𝑇𝑓 is flowing in the shell side, counter-currently. The 
convection heat transfer coefficient of the coolant is assumed to be constant. The 




6.2.1 Governing equations 
Solidification of a hot liquid flowing in a tube, subjected to an air flow with constant 
temperature, will be modeled. Later, a double-pipe heat exchanger in which air flows 
through the outer tube will be investigated. An instantaneous energy balance is applied to 
a differential element. The enthalpy drop of the flowing liquid is equal to the heat 
convection from the liquid to the growing solid layer. 
-[𝜌𝑣𝑖𝑛(𝜋𝑟𝑖2)]𝑐𝑝𝑙(𝑑𝑇𝑏) = ℎ𝑖�2𝜋𝑟𝑓𝑑𝑧��𝑇𝑏 − 𝑇𝑓� (6.1) 
 
 Figure 6-1 Schematic of a counter-flow heat exchanger with solidification 















+ 2𝑁𝑢𝑖𝜃𝑏∗ = 0 (6.4) 
where 











At the solid-liquid interface, the sum of the heat released due to solidification, 
and the heat flux from the warm liquid to the solidified layer, is equal to the heat flux 





















































As stated in Chapter 3, the axial growth of the solidified layer is slower than the 
rate of change of the temperature of the liquid with time. This allows us to neglect the 
time derivative of the temperature in the heat conduction equation for the solid layer. The 
axial conduction in the solid layer is negligible with respect to the bulk transport in the 
axial direction. Therefore, a quasi-steady condition in the solid layer can be assumed. The 








= 0 (6.16) 




= ℎ𝑜(𝑇𝑠 − 𝑇𝑐)   𝑎𝑡  𝑟 = 𝑟𝑖 (6.18) 
It is noted that 𝑟𝑓 in Equation (6.16) is a function of time and axial position. 










= 0 (6.19) 
𝜃𝑠∗ = 0     𝑎𝑡   𝑟∗ = 𝑟𝑓∗ (6.20) 
𝜕𝜃𝑠∗
𝜕𝑟∗





  (6.22) 
The temperature distribution in the solid layer is 
𝜃𝑠∗ = �
𝐵𝑖





The value of (∂θs







1 − 𝐵𝑖 𝑙𝑛𝑅𝑓
) + 𝜙𝜃𝑏∗ (6.24) 
Equations (6.4) and (6.24) form a set of coupled non-linear partial differential equations 




  𝑎𝑡 𝜏 = 0, 𝑧∗ ≥ 0  (6.25) 
𝜃𝑏 ∗ = 1  𝑎𝑡  𝑧∗ = 0, 𝜏 ≥ 0 (6.26) 
The solidification of the flowing hot liquid is possible only for a certain range of 
values of parameters. For solidification to commence, ( ∂𝑟𝑓∗ ∂τ)⁄  should be less than zero 








= −𝑆𝑡𝑒𝑠 𝐵𝑖 + 𝜙 (6.27) 
The condition for commencement of solidification is 
𝐵𝑖 𝑆𝑡𝑒𝑠 > 𝜙 (6.28) 
(Bi Stes) characterizes the amount of heat absorbed by the coolant and ϕ indicates heat 
transfer from the hot liquid by convection. Solidification would begin only when the heat 
extracted by the coolant is greater than the heat added by the liquid flowing in the pipe. 
Using Equation (6.15), the limiting condition for solidification becomes 






6.2.2 Solution method 
6.2.2.1 Laminar flow  
Considering laminar, fully developed conditions with a constant surface temperature, the 
Nusselt number is a constant [123]. 
𝑁𝑢𝑖 = 3.66 (6.30) 
The spatial distribution of the bulk mean temperature can be found by integrating 
Equation (6.4) with respect to 𝑧∗, 










1 − 𝐵𝑖 𝐿𝑛𝑟𝑓∗






𝑟𝑓∗(𝑧∗, 𝜏) is obtained by solving Equation (6.32) numerically. 
The thickness of the solid layer reaches a steady state when the heat flux from 
the hot liquid at the interface is equal to the heat transfer to the coolant by convection. By 
replacing ∂𝑟𝑓∗ ∂τ⁄ =0, Equation (6.32) becomes 
−𝑆𝑡𝑒𝑠 �
𝐵𝑖
1 − 𝐵𝑖 𝐿𝑛𝑟𝑓∗
� + 𝜙 exp �
−7.32
𝑃𝑒
𝑧∗� = 0 (6.33) 
Therefore, 











6.2.2.2 Turbulent flow 
The correlation proposed by Gnielinski for fully developed turbulent flow Nusselt 
number in a smooth tube [126] is modified to find Nu as a function of 𝑟𝑓∗, as follows. 





− 280� 𝑃𝑟0.4 (6.35) 
This correlation is valid over the following range of conditions: 
� 1.5 ≤ 𝑃𝑟 ≤ 5003 × 103 ≤ 𝑅𝑒 ≤ 106
  (6.36) 
The Nusselt number obtained from (6.35) is substituted in Equations (6.4) and 
(6.24). These equations are solved numerically by employing the finite difference 
method. The effects of time step and mesh size on the numerical results are investigated. 
The optimum time step and mesh size are found as 0.01 and 0.001, respectively. Further 
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reduction of the time step and mesh size by a factor of 2 will cause up to 1% change in 
the computed results. 
In the next stage, counter-current flow in the outer tube is considered. For fully 
developed laminar flow in the tube annulus, assuming that one surface is insulated and 
the other is held at a constant temperature, the Nusselt number is obtained from the 
tabulated data presented in Ref. [123]. An energy balance is applied to a differential 
element of the fluid. 
?̇?𝑐𝐶𝑝𝑐𝑑𝑇𝑐 = −ℎ𝑐(2𝜋𝑟𝑖𝑑𝑧)(𝑇𝑤 − 𝑇𝑐) (6.37) 
In each step, Tc is updated using Equation (6.37). Equations (6.4) and (6.24) are solved 
simultaneously as described above. 
6.3 Direct contact heat recovery process 
This section describes a mathematical model which predicts thermal behavior of a falling 
droplet during cooling and solidification. 
6.3.1 Dynamics of the droplet 




� = 𝐹𝐺 − 𝐹𝐷 − 𝐹𝐵 (6.38) 
where 𝑣 is the droplet velocity. 𝐹𝐺  is the gravitational force: 
𝐹𝐺 = 𝑚𝑑𝑔 (6.39) 
































� + 𝑏𝑣2 − 𝑐 = 0 (6.44) 
where the coefficients a, b, and c are: 

















Substituting Equations (6-45)-(6-47) into (6-48) gives: 







where 𝑣𝑡 is the terminal velocity at which the weight of the droplet is balanced by the 























Neglecting the buoyancy force, the solution to Equation (6.44) becomes: 

















Neglecting the drag and buoyancy forces, the acceleration of the droplet is 
constant and equal to the gravitational acceleration. This is a good approximation in air as 
long as the force of gravity is much greater than the force of air resistance and the 
velocity of the droplet is much less than the terminal velocity. In this case, the velocity 
and vertical position of the droplet become: 









6.3.1.1 Drag coefficient 
The conventional correlation for the drag on a sphere in steady motion is presented as a 
graph, called the standard drag curve, where CD is plotted as a function of Re. Many 
empirical and semi-empirical equations have been proposed to approximate this curve 
[127].  




(1 + 0.15𝑅𝑒0.687)  (6.57) 




(1 + 0.197𝑅𝑒0.63 + 2.6 × 10−4𝑅𝑒1.38 ) (6.58) 




(1 + 0.15𝑅𝑒0.687) +
0.42
1 + 4.25 × 104𝑅𝑒−1.16
        (6.59) 





[1 + 0.1935 𝑅𝑒0.6305]  (6.60) 
 
6.3.2 Mass transfer from the droplet 
Mass transfer is the transport of a component from one phase to another. It can happen 
either by evaporation or sublimation from the droplet surface. The rate of mass 
convection from a droplet can be expressed as [128]: 
?̇? = ℎ𝑚𝐴(𝜌𝑣,𝑠 − 𝜌𝑣,∞) (6.61) 
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where ℎ𝑚 is the mass transfer coefficient, A is the surface area of the droplet, and ρv,s and 
ρv,∞ are vapor density at the droplet surface and away from surface, respectively. The 





where 𝑆ℎ is the Sherwood number, 𝐷𝑣𝑔 is the vapor-gas mass diffusivity, and d is the 
droplet diameter. 












2  (6.63) 
where V is the special diffusion volume to be summed over atoms, T is temperature, and 
P is pressure. Table 6-1 lists the special atomic diffusion volumes. 
Table 6-1 Special atomic diffusion volumes 







The Sherwood number can be calculated using the Ranz-Marshall equation [65]: 

































where 𝑅𝑢=8.314 J/mol.K is the universal gas constant and Mv is the molar mass of the 
vapor. 






















Here, 𝛼𝑔 is thermal diffusivity of the ambient gas. 
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6.3.3 Heat transfer from the droplet 
Heat transfer from the droplet occurs by three main mechanisms: convection heat 
transfer, mass transfer, and radiation heat transfer. The convection heat transfer rate from 
the droplet can be expressed as: 
𝑞 ̇ 𝑐 = ℎ𝑐𝐴(𝑇𝑑,𝑠 − 𝑇∞) (6.72) 
where hc is convection heat transfer coefficient, A is the droplet surface area, 𝑇𝑑,𝑠 and 
𝑇∞ are the droplet surface and ambient gas temperatures, respectively. The convection 





where Nu is the Nusselt number, 𝑘𝑔 is the thermal conductivity of the ambient gas, and d 
is the diameter of the droplet. 
Different correlations have been proposed for the average Nusselt number for 
flow over a sphere. Whitaker recommends the following comprehensive correlation [64]: 











which is valid for 3.5 ≤ Re ≤ 80,000 and 0.7 ≤ Pr ≤ 380. The fluid properties are 
evaluated at the free-stream temperature T∞, except for µs which is evaluated at the 
surface temperature Ts. In Equation (6.74), Re is the Reynolds number and Pr is the 











where V is the relative droplet-gas velocity, ρg and µg are the density and viscosity of the 
ambient gas, and Cp,g is the gas heat capacity at constant pressure. 
The following equation was suggested by Ranz and Marshall [65] for freely 
falling liquid drops: 





In the limit ReD→0, Equations (6.74) and (6.77) reduce to Nu=2, which corresponds to 
heat transfer by conduction from a spherical surface to a stationary infinite medium 
around the surface. 
Yao and Schrock [66] proposed a correction factor that corrects the Ranz-
Marshall equation for the effect of distortion of drop shape during the flight. The 
modified Ranz-Marshall equation is: 










where y is the flight distance measured from rest. The equation is valid for 3mm≤d≤6mm 
and 10≤y/d≤600. 
The heat transfer rate due to mass convection is given by: 
?̇?𝑚 = 𝐿ℎ𝑚𝐴(𝜌𝑣,𝑠 − 𝜌𝑣,∞) (6.79) 
where L is the latent heat of phase change (evaporation or sublimation). 
The heat transfer rate from the surface of the droplet due to thermal radiation is: 
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?̇?𝑟 = 𝜀𝜎𝐴(𝑇𝑑,𝑠4 − 𝑇∞4) (6.80) 
where ε is the emissivity of the surface and σ=5.67×10-8 W/m2.K4 is the Stefan-
Boltzmann constant. Equation (6.80) provides the difference between thermal energy that 
is released due to radiation emission and that which is gained due to radiation absorption. 
There are many applications for which it is convenient to model the radiation 
mode in a manner similar to convection. In this sense, the radiation rate equation is 
linearized, making the heat rate proportional to a temperature difference rather than to the 
difference between two temperatures to the fourth power [126]. With this simplification, 
the net radiation heat exchange can be expressed as 
?̇?𝑟 = ℎ𝑟𝐴(𝑇𝑑,𝑠 − 𝑇∞) (6.81) 
where the radiation heat transfer coefficient ℎ𝑟 is 
ℎ𝑟 = 𝜖𝜎(𝑇𝑠 + 𝑇∞)(𝑇𝑠2 + 𝑇∞2) (6.82) 
6.3.4 Modeling of droplet solidification 
Solidification of a droplet can be described in four stages (see Figure 6-2) [78]: 
1. Liquid cooling and supercooling: The liquid droplet is cooled from its initial 
temperature to a temperature below the equilibrium freezing point until crystal nucleation 
occurs. 
2. Recalescence: Supercooling causes rapid crystal growth from the crystal nuclei. An 
abrupt temperature rise occurs due to liberation of latent heat of fusion. This stage is 
terminated when the droplet reaches an equilibrium freezing temperature. 
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3. Solidification: Further growth of solid phase, governed by the heat transfer rate from 
the droplet to the environment, continues until the droplet is completely frozen. 
4. Solid cooling: The temperature of the solidified droplet reduces to a steady-state value 
near that of the ambient temperature. 
 
Figure 6-2 Temperature transition for the four stages of a droplet solidification 
6.3.4.1 Cooling stages 
The internal energy balance of the liquid and solid cooling stages (stages 1 and 4) can be 
solved by solving the internal heat conduction (i.e., non-mixing model) or assuming a 
uniform temperature distribution (i.e., complete-mixing model) [66]. 
6.3.4.1.1 Non-mixing model 
The non-mixing model assumes that there is no internal motion in the droplet and the 
temperature distribution is governed by the heat equation. It is assumed that the droplet 
shape is constant and spherical; hence it can be described with a one-dimensional model. 
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The heat equation for one-dimensional transient heat conduction in a spherical droplet 
















�  (6.83) 
The initial and boundary conditions are as follows: 











= ?̇?𝑐 + ?̇?𝑚 + ?̇?𝑟 (6.86) 



















where 𝑇𝑖 is the initial temperature, 𝑇∞is the ambient temperature, and 𝑅 is the droplet 







The discrete values of ζn are positive roots of the transcendental equation: 
1 − 𝜁𝑛𝑐𝑜𝑡 𝜁𝑛 = 𝐵𝑖 (6.91) 
The first six routes of Equation (6.91) are presented in the Appendix. The values of 





6.3.4.1.2 Complete-mixing model 
This model assumes that the internal motion of the droplet is so vigorous that complete 
mixing is assumed. The temperature profile in the droplet is essentially flat and resistance 
to heat transfer exists only in the surrounding gas. Assuming uniform temperature for the 
droplet, the rate of temperature change is described by the heat balance between the 




= −(?̇?𝑐 + ?̇?𝑚 + ?̇?𝑟) (6.93) 
6.3.4.2 Recalescence stage 
A droplet with a large undercooling at the time of nucleation, experiences a rapid 
temperature increase until it reaches the equilibrium freezing temperature, Tf. The heat 
balance gives: 
∀𝑠𝜌𝑠𝐿 = ∀𝑑𝜌𝑙𝑐𝑝,𝑙�𝑇𝑓 − 𝑇𝑛�  (6.94) 
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where ∀𝑠 is the volume of the solid produced from nucleation, ρs is the solid particle 
density, and 𝐿 is the latent heat of fusion. The nucleation temperature, 𝑇𝑛 is usually an 







6.3.4.3 Solidification stage 
After nucleation produces a solidified volume fraction, solidifying of the remaining liquid 
is controlled by the heat transfer rate from the droplet. A heat balance model is used in 
this study. It is assumed that the solid fraction increases uniformly within the droplet as 
the latent heat of fusion is removed by external heat transfer. The droplet solidifies at a 




= ?̇?𝑐 + ?̇?𝑚 + ?̇?𝑟 (6.96) 
The outer surface of the droplet is solid during this stage, so the mass transfer from the 
droplet is due to sublimation. 
6.4 Closing remarks 
In this chapter, predictive analytical models were developed to analyze an indirect contact 
and a direct contact system for heat recovery from molten CuCl. Since molten CuCl 
solidifies (at about 430oC) as it cools, the solidification should be considered in the 
modeling of the heat recovery process. In an indirect contact heat recovery system (i.e a 
double-pipe heat exchanger), molten CuCl flows in the inner pipe while air or water flows 
through the outer pipe. The governing equations were derived and solved to predict the 
temperature distribution of the fluid as well as the thickness of the solid layer. In a direct 
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contact heat recovery system (i.e. a spray column), molten CuCl droplets are released 
from the top while air or steam flows from the bottom of the system.  The velocity and 
flight distance equations for a freely-falling droplet were obtained. Heat transfer rate from 
a droplet surface was calculated, considering heat transfer due to convection, mass 
transfer, and radiation. Finally, a four stage solidification model was developed. The 
results, which will be presented in Chapter 8, will help design heat recovery systems for 




Chapter 7 Experimental Studies 
7.1 Apparatus 
Figure 7-1 shows the experimental set-up for heat recovery from molten CuCl. A torch is 
used to melt CuCl and produce molten salt droplets in air. The droplets are then released 
into a vessel of water. A thermal imaging system is used to measure the temperature of 
the droplets during the descent. To investigate the possible reactions with air and water, 
the composition of the solidified product is determined using an X-ray diffraction system. 
 
Figure 7-1 Schematic of the experimental set-up 
7.1.1 Thermal imaging system 
7.1.1.1 IR thermography 
Although infrared radiation (IR) is not detectable by the human eye, an IR camera can 
convert it to a visual image of thermal variations across an object. Infrared radiation 
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covers a portion of the electromagnetic spectrum from approximately 0.9 to 14 
micrometers. It is emitted by all objects at temperatures above absolute zero and its 
magnitude increases with temperature. 
The main IR camera components are the lens that focuses IR onto a detector, a 
cooler for the detector, and the electronics and software for processing and displaying the 
images. The IR camera detector is a focal plane array (FPA) of micrometer size pixels 
made of various wavelengths. FPA resolution can range from about 160×120 pixels up to 
1024×1024 pixels. The IR camera has built-in software that allows the user to focus on 
specific areas of the FPA and calculate the temperature. Other systems use a computer or 
data acquisition system with specialized software that provides temperature analysis. 
Both methods can supply temperature data of accuracy better than ±1oC [130]. 
FPA detector technologies are divided into two categories: thermal detectors and 
quantum detectors. The majority of IR cameras have a microbolometer type detector,. 
Microbolometer FPAs can be created from metal or semiconductor materials. 
Microbolometers respond to incident radiant energy in a way that causes a change of state 
in the bulk material (i.e., the bolometer effect). Generally, microbolometers do not require 
cooling, which allows compact camera designs that are relatively lower cost. Other 
characteristics of microbolometers are: 
- Relatively low detectivity; 
- Broad response curve; 
- Slow response time (time constant of about 12 ms). 
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Typically, IR cameras are designed and calibrated for a specific range of the IR 
spectrum. Therefore, the optics and the detector materials must be selected for the desired 
range. Since IR has the same properties as visible light regarding reflection, refraction, 
and transmission, the optics for thermal cameras are designed in a fashion similar to those 
of a visual wavelength camera. However, the types of glass used in optics for visible light 
cameras cannot be used for optics in an infrared camera, as they do not transmit IR 
wavelength well enough. IR camera lenses typically use silicon (Si) and germanium (Ge) 
materials. Normally Ge is used in long wavelength cameras and Si is used for medium 
wavelength camera systems. Si and Ge have good mechanical properties. They are non-
hygroscopic, and they can be formed into lenses with modern turning methods. As in 
visible light cameras, IR camera lenses have antireflective coatings. With a proper design, 
IR camera lenses can transmit close to 100% of incident radiation. 
7.1.1.2 Quantum detectors 
Electrons exist at different energy levels. Some electrons have sufficient thermal energy 
to be in the conduction band. This means that the electrons are free to move and the 
material can conduct an electrical current. However, most electrons are in the valence 
band, where they cannot move freely and do not conduct any current. 
When the material is cooled to a low enough temperature, none of the electrons 
are in the conduction band due to the low thermal energy. Hence the material cannot carry 
any current. When these materials are exposed to incident photons with sufficient energy, 
this energy can stimulate an electron in the valence band, causing it to move up into the 
conduction band. Thus the material can carry a photocurrent, which is proportional to the 
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intensity of the incident radiation. The lowest energy of the incident photons that will 
allow an electron to jump from the valence band into the conduction band is related to a 
certain wavelength. Since photon energy is inversely proportional to its wavelength, the 
energies are higher in the SW/MW band than in the LW band. Therefore, the operating 
temperatures for LW detectors are lower than for SW/MW detectors. For an InSb MW 
detector, the necessary temperature must be less than 173K, although it may be operated 
at a much lower temperature. An HgCdTe LW detector must be cooled to 77 K or lower. 
A QWIP detector typically needs to operate at about 70K or lower [130]. 
Quantum detectors operate on the basis of an intrinsic photoelectric effect. These 
materials respond to IR by absorbing photons that elevate the material’s electrons to a 
higher energy state, causing a change in conductivity, voltage, or current. By cooling 
these detectors to cryogenic temperatures, they can be very sensitive to the IR focused on 
them. They react very quickly to changes in IR levels, i.e., temperatures, having a 
constant response time on the order of 1 µs. Therefore, a camera with this type of detector 
is very useful in recording transient thermal events. Table (7-1) lists some of the most 
commonly used detectors in IR cameras. 
Table 7-1 Detector types and materials commonly used in IR cameras 
Detector type/ material Operation Operating temperature, K 
Microbolometer Broad band detector Uncooled (300) 
HgCdTe SW photon detector 200 
HgCdTe LW photon detector 77 
InSb MW photon detector 77 
PtSi MW photon detector 77 




The first detectors used in infrared radiometric instruments were cooled with 
liquid nitrogen. The detector was attached by a Dewar flask that held the liquid nitrogen, 
thus keeping the detector at a very stable and low temperature (77 K). Later, other cooling 
methods were developed. The first solid-state cooling method was developed by AGEMA 
in 1986, when it introduced a Peltier effect cooler for a commercial IR camera. In a 
Peltier cooler (see Figure 7-2), DC current is supplied through a thermoelectric material, 
removing heat from one junction and creating a cold side and a hot side. The hot side is 
connected to a heat sink, whereas the cold side cools the component attached to it. 
 
Figure 7-2 Peltier cooler 
When the highest possible sensitivity is needed, the Stirling cooler can be used. 
Only in the last 15 to 20 years, manufacturers were able to extend the life of Stirling 
coolers to 8,000 hours or more, which is sufficient for use in thermal cameras. The 
efficiency of this type of cooler is relatively low, but sufficient for cooling an IR camera 
detector. 
Photon detectors offer a number of advantages: 
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- High thermal sensitivity; 
- High uniformity of the detectors, i.e., very low fixed pattern noise; 
- Degree of selectability in their spectral sensitivity; 
- High yield in the production process; 
- Resistance to high temperatures and high radiation; 
- Very good image quality. 
 
7.1.1.3 Temperature measurement 
The IR camera receives radiation from the target object, plus radiation from its 
surroundings that has been reflected onto the object’s surface. Both of these radiation 
components become attenuated when they pass through the atmosphere. The atmosphere 
itself also radiates some energy. 
The total radiation power received by the camera can be written as: 
𝑊 = 𝑊1 + 𝑊2 + 𝑊3 (7.1) 
where W1 is the energy received due to emission from the object, given by 
𝑊1 = 𝜏 𝜖 𝐸𝑏(𝑇𝑜𝑏𝑗) (7.2) 
where ε is the emissivity of the object, τ is the transmittance of the atmosphere, and 
𝐸𝑏(𝑇𝑜𝑏𝑗) is the blackbody emission at the object temperature. Also, 𝑊2 is the energy 
received due to the reflected emission from surrounding sources, given by: 
𝑊2 = 𝜏 (1 − 𝜖) 𝐸𝑏(𝑇𝑠𝑢𝑟) (7.3) 




𝑊3 = (1 − 𝜏) 𝐸𝑏(𝑇𝑎𝑡𝑚) (7.4) 
where (1-τ) is the emissivity of the atmosphere. To calculate the correct target object, the 
IR camera software requires inputs for the emissivity of the object, atmospheric 
attenuation and temperature, and the surrounding temperature. These parameters may be 
measured, assumed, or found from tables.  
A Flir SC5600 camera (Figure 7-3) with Altair software was used for 
thermography of the molten copper(I) chloride droplets. The technical specifications of 
the IR camera are shown in Table 7-2. 
 
Figure 7-3 Flir SC5600 Infrared camera 
 
Table 7-2 Technical specifications of Flir Sc5600 
Sensor type InSb 
Waveband 3-5 µm 
Pixel resolution 640×512 
Pitch 15 µm 
Cooler Close cycle Stirling cooler 
Maximum frame rate (full frame) 100 Hz 
Integration time 200 ns to 20 ms 
Temperature measurement range 5 -1500oC 




7.1.2 X-ray diffraction system 
X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed 
information about the chemical composition of materials. When X-rays are incident on an 
atom, they make the electron cloud move. The movement of these charges re-radiates the 
waves with the same frequency. This phenomenon is known as Rayleigh scattering. These 
re-emitted wave fields interfere with each other, either constructively or destructively, 
producing a diffraction pattern on a detector. The resulting wave interference pattern is 
the basis of diffraction analysis which is called Bragg diffraction. Bragg diffraction was 
first proposed by W. L. Bragg and W. H. Bragg in 1913 in response to their discovery 
that crystalline solids produced surprising patterns of reflected X-rays. They found that 
these crystals, at certain specific wavelengths and incident angles, produced intense peaks 
of reflected radiation, known as Bragg peaks. Bragg explained this result by modeling the 
crystal as a set of discrete parallel planes separated by a constant parameter, d. It was 
proposed that the incident X-ray radiation would produce a Bragg peak if their reflections 
off the various planes interfered constructively. The interference is constructive when the 
phase shift is a multiple of 2π. This condition can be expressed by Bragg's law [129]: 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (7.5) 
where n is an integer, λ is the wavelength of the incident wave, d is the spacing between 
the planes in the atomic lattice, and θ is the angle between the incident ray and the 
scattering planes. 
Each crystalline substance has a unique X-ray diffraction pattern.  The number 
of observed peaks is related to the symmetry of the unit cell (higher symmetry generally 
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means fewer peaks).  The d-spacings of the observed peaks are related to the repeating 
distances between planes of atoms in the structure.  The intensities of the peaks are 
related to the types of atoms in the repeating planes.  The scattering intensities for X-rays 
are directly related to the number of electrons in the atom.  Hence, light atoms scatter X-
rays weakly, while heavy atoms scatter X-rays more effectively.  Therefore, three features 
of a diffraction pattern (i.e., the number of peaks, the positions of the peaks, and the 
intensities of the peaks) define a unique, fingerprint X-ray powder pattern for every 
crystalline material [131]. 
A typical diffractometer consists of a source of radiation, a monochromator to 
choose the wavelength, slits to adjust the shape of the beam, a sample, a detector, and 
a goniometer to adjust the sample and detector positions. In this study, a Philips XRD 
system, at the University of Toronto - Department of Earth Sciences, was used. The basic 
components of the system are a PW 1830 HT generator, a PW 1050 goniometer, PW 
3710 control electronics, and X-Pert system software. During data collection, the sample 
remains in a fixed position and the X-ray source and detector are programmed to scan 
over a range of 2θ values. Here 2θ is the sum of the angle between the X-ray source and 
the sample and that between the sample and the detector.  Routinely, a 2θ range of 2˚ to 
60˚ is sufficient to cover the most useful part of the powder pattern.  Choosing an 
appropriate scanning speed (measured in ˚ 2θ/min) depends on balancing the desire to 
collect a powder pattern quickly with obtaining a reasonable signal-to-noise ratio for the 
diffraction peaks.  One can begin with a scanning speed of 2˚/min and recollect the 





In the heat transfer experiments, a heating mantle is used to produce molten copper(I) 
chloride. Then, molten CuCl is poured into a small container with a nozzle at the bottom. 
A torch is used to heat and re-melt the solidified CuCl and produce droplets of molten 
CuCl. The molten droplets exiting the nozzle fall through air and eventually into a water 
vessel. The distance of the droplet in air is about 80 cm. The surface temperature of the 
droplet during the flight is measured by an infrared camera. 
To investigate the possible reactions between copper(I) chloride and water or air, 
two sets of experiments are performed. In one set of experiments, the solidified product in 
water is collected and dried in air. In the other set of experiments, the solidified material 
is kept in a small container filled with water, in a nitrogen glove box, to avoid exposure to 
air. The composition of each prepared sample was then determined by an X-ray 
diffractometer. 
7.3 Measurement uncertainties 
It is well known that all measurements have errors, δk [130]. These errors are the 
differences between the measurements and actual values (see Figure 7-4). The total error 
is expressed in terms of two components: a fixed (bias) error, β, and a random (precision) 
error, εk, such that 





Figure 7-4 Measurement error 
7.3.1 Precision index 
The precision error is determined by taking 𝑁 repeated measurements from the parameter 
population. Their characteristics are approximated by the precision index, 𝑆, which is 











where 𝑋� is the average value of 𝑋. The precision index of the average of a set of 






7.3.2 Bias error 
The bias error, 𝐵, is the systematic error which is assumed to remain constant during a 
given test. Therefore, in repeated measurements of a given test, each measurement has the 
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same bias error. Estimation of the bias error is difficult since the true value is not known. 
Calibrations or a comparison of measurements by independent methods may help, 
however the estimate of bias is based on judgment generally. 
7.3.3 Combining errors 
Errors may be divided into three categories: calibration errors, data acquisition errors, and 
data reduction errors [132]. To obtain the precision of a given parameter, the root sum 
square (RSS) method is used to combine the precision indices from the 𝐾 sources of 
error.  
𝑆 = [𝑆12 + 𝑆22 + ⋯+ 𝑆𝐾2]
1
2 (7.9) 
Similarly, the bias of a given parameter is given by 
𝐵 = [𝐵12 + 𝐵22 + ⋯+ 𝐵𝐾2]
1
2 (7.10) 
7.3.4 Uncertainty of a parameter 
A single variable, U, can be used to express the limit of error for a given parameter. The 
interval (X�-U, X�+U) represents a band within which the true value of the parameter is 
expected to lie, for a specific coverage. 
While no exact confidence level is associated with the uncertainty, coverage 
analogous to the 95% and 99% confidence levels may be given for the two recommended 
uncertainty models. Therefore, 
𝑈 = 𝐵 + 𝑡𝑆𝑋� (7.11) 
provides 99% coverage, and 
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𝑈 = [𝐵2 + (𝑡𝑆𝑋�)2]
1
2 (7.12) 
provides 95% coverage. Here 𝑡is the Student’s t multiplier and a function of the degrees 
of freedom, used in calculating SX�. For large samples, i.e., N>30, t is set equal to 2. 
Otherwise the Welch-Satterthwaite formula can be used to evaluate ν. 
7.3.5 Uncertainty of a result 
Errors in measurements of various parameters, 𝑃, are propagated into a derived result, 𝑅, 
through the functional relationship between the result and its independent parameters. The 
relationship provides the sensitivity factor, 𝜃𝑖, which indicates the error propagated to the 






where i is the index of the parameter. 
The uncertainty of a result can be computed based on the precision and bias 
errors. The precision index of a result is given by [133]: 









The bias limit of the result is given by: 









The uncertainty of a result is again given by: 
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𝑈𝑅 = 𝐵𝑅 + 𝑡𝑆𝑅 (7.16) 
for 99% coverage, and 
𝑈𝑅 = [𝐵𝑅2 + (𝑡𝑆𝑅)2]
1
2 (7.17) 
for 95% coverage. Again, 𝑡 is the Student’s t multiplier and a function of the degrees of 





Chapter 8 Results of Analytical and Experimental 
Analysis of Heat Recovery from Molten Cu-Cl 
8.1 Indirect contact heat transfer 
8.1.1 Validation of results 
In this section, the computed results for indirect contact heat transfer from a solidifying 
flow in a pipe are compared with past results reported by Seeniraj and Hari [102] for 
selected values of parameters for water. The coolant temperature is assumed to be 
constant. Figures 8-1 and 8-2 show the axial variation of the bulk mean temperature and 
axial growth of solid layer for laminar flow, respectively. In these figures, Bi=10, 
Stes/Stel=0.5, and τ=0.5. 
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Figure 8-2 Axial growth of solid layer for laminar flow 
Figures 8-3 and 8-4 show comparisons between the present work and the results 
obtained by Seeniraj and Hari [102] for turbulent flow. The results show good agreement 
with past data presented by other authors. Comparing the laminar and turbulent flow 
cases shows that the solid layer grows much faster in turbulent flow due to a larger 
convection heat transfer coefficient. This also affects the liquid bulk mean temperature. 
The variation of the bulk temperature along the tube is more significant in the turbulent 
































Non-dimensioanl axial coordinate, z* 
Present work 




Figure 8-3 Fluid bulk temperature variation along the tube for turbulent flow 
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8.1.2 Heat recovery from molten CuCl  
In this section, a counter-current double-pipe heat exchanger, for recovering heat from 
molten CuCl during its solidification, is analyzed. The diameter of the inner tube is 20 cm 
and the outer tube diameter is 25 cm. The mass flow rate of molten CuCl is 4.17 g/s, 
based on a hydrogen production rate of 3 kg/s. Air, with an inlet temperature of 25oC, is 
considered as a coolant. CuCl properties at the melting point (430oC) are used for both 
solid and liquid phases [50]. 
Figure 8-5 shows the variation of the coolant temperature along the tube. The 
mass flow rate of air is 3 g/s and its bulk velocity is 0.14 m/s. The air temperature is 
increased to 190oC in a heat exchanger with a length of 15 cm. 
 
Figure 8-5 Axial variation of the coolant temperature and effect of inner tube dimension 
The effect of the inner tube radius on the coolant temperature and the length of 
the heat exchanger is also shown in this figure. The outer tube radius is fixed. Since the 
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flow in the shell is laminar, the Nusselt number is almost constant. Therefore, increasing 
the inner tube radius, and hence decreasing the hydraulic diameter, will cause an increase 
in the convection heat transfer coefficient in the shell. Therefore, the coolant temperature 
will increase by increasing the inner tube radius. The outlet temperature of the coolant 
and the length of the heat exchanger are increased significantly by increasing the inner 
tube radius. As a result, the heat transfer from the molten salt will be increased. 
Increasing the inner tube diameter will also affect the growth of solid layer. This is 
illustrated in Figure 8-6. For the tube with 𝑟𝑖 =0.1 m, the length of the heat exchanger is 
not sufficient to solidify the entire molten salt flow in the tube. For a hydrogen production 
rate of 3 kg/day, a heat exchanger with a diameter of 25 cm and height of 53 cm is 
required. By increasing the hydrogen production rate, the number of heat exchangers 
required is increased proportionally. 
 
Figure 8-6 Axial growth of solid layer for different inner tube radii 
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For a heat exchanger with an inner tube diameter of 24 cm, the effect of mass 
flow rate is investigated. Figure 8-7 demonstrates the variation of the inner wall 
temperature along the tube. Increasing the air flow rate causes an increase in the heat 
exchanger length. Since the wall temperature at the top and bottom of the tube is almost 
the same for both air flow rates, the variation of wall temperature along the tube is slower 
for the longer tube. 
 
Figure 8-7 Wall temperature variation along the tube for two different air flow rates 
Although the coolant and wall temperatures increase when increasing the air 
flow rate, the temperature difference, (Tw-Tc), and hence the heat flux, is almost constant 
for both air flow rates. However, the total heat transfer is higher for the heat exchanger 
with a larger air flow rate, due to its longer length. The heat flux along the tube is shown 




























Figure 8-8 Heat flux along the tube for two different air flow rates 
8.2 Direct contact heat transfer 
8.2.1 Dynamics of a droplet 
Figure 8-9 illustrates the variation of the drag coefficient versus Reynolds number using 
different correlations from Chapter 6. A comparison between these correlations shows 
relatively low deviations. The correlation suggested by Clift and Gauvin [125] is used in 
the following calculations. 
Figure 8-10 shows the effect of drag coefficient on the acceleration of the falling 
droplet. At the initial time, the acceleration is equal to gravitational acceleration. The drag 
force increases with flight time, hence the acceleration of the droplet decreases. If the 
drag force is neglected, the acceleration of the droplet remains constant, equal to the 
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gravitational acceleration. Since the drag coefficient is a function of velocity, it varies 
during the trajectory. However, Figure 8-10 shows that a constant drag coefficient results 
in an error of less than 0.5% which is small. Therefore, the drag coefficient is assumed 
constant in the following calculations.  
 
Figure 8-9 Drag coefficient as a function of Reynolds number 
Figures 8-11 to 8-13 illustrate the effect of buoyancy and drag forces on the 
velocity and flight distance of the droplet, respectively. It is shown that the effect of 
buoyancy force on the velocity and the flight distance is minor. Therefore, the buoyancy 
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Figure 8-10 Droplet acceleration as a function of flight time 
 































Figure 8-12 Velocity of the falling droplet as a function of flight distance for different 
assumptions 
 




Figure 8-14 shows the Reynolds number as a function of flight distance. The 
initial velocity of the droplet is zero. The droplet accelerates as it moves downward. 
Therefore, the velocity of the droplet, hence the Reynolds number, increases with the 
falling distance.  
8.2.2 Mass transfer from a droplet 
Figure 8-15 shows the diffusivity of CuCl vapor in air as a function of temperature. The 
diffusivity increases slightly with temperature. Its variation over the temperature range of 
interest is about 25%. In this study, the average value of 6.3×10-5 m2/s is used for the 
vapor-air diffusivity and assumed to remain constant during the flight. 
 


























Figure 8-15 Diffusivity of CuCl vapor in air 
Figure 8-16 shows the mass transfer coefficient using the Ranz-Marshall 
correlation and Chilton-Colburn analogy, as stated in Chapter 6. The mass transfer 
coefficient for a falling droplet increases with flight time until the droplet reaches the 
terminal velocity, and then remains constant. The Ranz-Marshall correlation predicts the 
mass transfer coefficient up to 8% higher than results obtained using the Chilton-Colburn 
analogy. 
Figure 8-17 shows the mass transfer rate by convection from the droplet surface 
as a function of surface temperature. By decreasing the surface temperature during the 
flight, the mass convection rate decreases. As expected, the rate of mass transfer from the 
droplet surface decreases by decreasing the droplet size, due to a decrease in surface area. 






























Figure 8-16 Mass transfer coefficient as a function of flight time 
 




















































8.2.3 Heat transfer from a droplet 
The Ranz-Marshall and Whitaker correlations, presented in Chapter 6, are compared in 
Figure 8-18. The Whitaker correlation predicts the Nusselt number up to 6% smaller than 
the Ranz-Marshall correlation. Doubling the Reynolds number from 2,000 to 4,000 
results in an increase in the Nusselt number by about 39%. Figure 8-18 demonstrates the 
Nusselt number as a function of flight distance. The results obtained from the Ranz-
Marshall and Whitaker correlations are compared with the correlation of Yao and 
Schrock [66] for freely falling droplets. 
 























Figure 8-19 Nusselt number as a function of flight distance 
The Ranz-Marshall and Whitaker equations overpredict the Nusselt number for a 
falling droplet for y/d>100. Another explanation is that the droplets may experience less 
than complete mixing for y/d>100. For y/d<100, the effect of vibration is to enhance the 
transport and the Nusselt number from the Yao-Schrock correlation is greater than that 
from the Whitaker or Ranz-Marshall equations. 
Figure 8-20 illustrates the convection heat transfer coefficient for two droplet 
sizes. The heat transfer coefficient increases as the droplet falls until the droplet reaches a 
terminal velocity. The Reynolds and Nusselt numbers decrease by reducing the droplet 

























Figure 8-20 Convection heat transfer coefficient versus the flight time 
Figure 8-21 shows a comparison between the convection heat transfer 
coefficient, ℎ𝑐, and the radiation heat transfer coefficient, hr, obtained from linearization 
of the radiation equation. Unlike convection, the radiation heat transfer coefficient 
decreases with flight time because of a decrease in the surface temperature. It is noted that 
hr depends strongly on temperature, while the temperature dependence of the convection 
heat transfer coefficient is generally weak. In the first half second of the flight, hr is about 
30% of ℎ𝑐, however, the radiation effect becomes negligible compared with convection as 







































Figure 8-21 Heat transfer coefficient versus flight time 
Figure 8-22 compares different mechanisms of heat transfer as a function of 
surface temperature of the droplet. As the droplet falls, its surface temperature decreases 
due to heat transfer from the surface. The rate of heat transfer due to radiation decreases 
by reducing the surface temperature during flight. However, the rate of heat transfer due 
to convection increases at first and then tends to decrease. As the droplet accelerates, the 
Reynolds number, and hence the convection heat transfer coefficient, increases rapidly 
which yields a significant rise in the convection heat transfer rate. Afterwards, the rate of 
convection heat transfer is dominated by the temperature difference between the droplet 
surface and the ambient gas, and hence decreases by reducing the temperature. It is 
observed that the heat transfer due to mass transfer from the droplet surface is negligible 
































Figure 8-22 Heat transfer rate from the droplet surface versus surface temperature 
8.2.4 Solidification of a droplet 
The predicted temperature distribution within the droplet is shown in Figure 8-23. The 
results from the non-mixing model and complete-mixing model are compared in this 
figure. As discussed in Chapter 6, the complete-mixing model assumes that internal 
motion of the droplet is so strong that complete mixing is achieved. Therefore, the 
temperature profile in the droplet is flat. The non-mixing model assumes there is no 
internal motion and the energy equation is reduced to a transient heat conduction 
equation. The first six terms of the series solution, given in Chapter 6, are used to 


























Figure 8-23 Comparison of models for different Fourier numbers 
For 𝐹𝑜=0, the maximum error caused by the six-term approximation is less than 
7%. The accuracy of the six-term approximation improves by increasing the Fourier 
number and fluctuations in the temperature profile are reduced. It is observed that the 
maximum difference between the non-mixing and complete-mixing models occurs at the 
droplet surface less than 16%. It is noteworthy to mention that these two models represent 
the bounds on the droplet temperature. The actual temperature profile of the droplet is 
expected to lie between these proposed models. 
Figure 8-24 shows the surface temperature of the droplet versus the flight time. 
The experimental results represent the maximum temperature of the surface measured by 
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experimental data are available at this time. In future, when more measurements are 
taken, the measurement uncertainty can be evaluated as discussed in Chapter 7. 
 
Figure 8-24 Droplet temperature versus flight time. The maximum difference 
between the analytical and experimental results is less than 2%. 
The effect of nucleation temperature on the volume of the solid produced from 
nucleation is shown in Figure 8-25. As expected, by reducing the nucleation temperature, 
the solid volume increases steadily. The effect on nucleation temperature becomes more 
significant for a larger droplet. 
Figure 8-26 illustrates the rate of solidification of the droplet as a function of the 
relative droplet-gas velocity during the flight. The solid fraction increases within the 























velocity increases during the flight, hence the heat transfer rate increases, which yields an 
increase in the solidification rate. The heat transfer rate from the droplet surface, and 
hence the solidification rate within the droplet, are higher for a larger droplet due to a 
larger surface area. 
 
Figure 8-25 Solid volume versus nucleation temperature 
The solidification model is validated by comparing the results with experimental 
data for a water droplet by Strub et al. [133]. Figure 8-27 shows the droplet temperature 
versus time. In this figure, the droplet diameter is 2.2 mm, air temperature is -7oC, air 



























Figure 8-26 Solidification rate of a droplet during flight 
 


















































8.2.5 Heat Exchanger for Cu-Cl cycle 
The previous results are useful to design a better heat exchanger for heat recovery from 
molten CuCl (see Table 8-1). Heat loss to the environment is assumed to be 30% of the 
heat recovered from molten CuCl. As stated in Chapter 4, the recovered heat from molten 
CuCl is used to produce superheated steam for the hydrolysis step of the cycle. The mass 
flow rates of molten CuCl and steam are calculated based on a hydrogen production rate 
of 1 kg/day, considering 20% excess steam.  
Table 8-1 Specifications of a heat exchanger for heat recovery from molten CuCl 
CuCl mass flow rate (g/s) 1.15 
CuCl inlet temperature (oC)  500 
CuCl outlet temperature (oC) 350 
Steam mass flow rate (g/s) 0.12 
Steam inlet temperature (oC) 100 
Steam outlet temperature (oC) 400 
Droplet size (m) 0.002 0.001 
Heat exchanger height (m) 23 7 
Heat exchanger diameter (m) 0.07 0.1 
Droplet flight time (s) 2.3 1.3 
Terminal velocity (m/s) 23 15 
 
The height of the heat exchanger for a droplet size of 2 mm is about 23 m. The 
height of the heat exchanger is dominated by the heat transfer rate. Decreasing the droplet 
size may increase the heat transfer rate from the droplet, and hence decreases the required 
height of the heat exchanger. Increasing the relative droplet-steam velocity increases the 
heat transfer rate, which yields a decrease in the cooling time and height of the heat 
exchanger. By increasing the rate of hydrogen production, the diameter of the heat 
exchanger rises steadily due to an increase in the number of droplets produced per 
second. Figure 8-28 shows the effect of the hydrogen production rate on the heat 
exchanger diameter. For a hydrogen production rate of 1 kg/day, the volume of molten 
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droplets is less than 0.01% of the volume of the heat exchanger while for a hydrogen 
production of 1000 kg/day, it increases to about 0.2%. 
 
 
Figure 8-28 Diameter of the heat exchanger for recovering heat from molten CuCl versus 
the rate of hydrogen production 
8.2.6 Potential chemical reactions 
Copper(I) compounds are unstable in contact with air or water. The possible chemical 
reactions between copper(I) chloride and water or air will be examined in this section. At 
a temperature of less than 750oC, the following reaction can occur: 
2CuCl + 1 2� O2 → Cu2O + Cl2 (8.1) 
As the atmosphere contains moisture the following reaction may occur: 
4CuCl + 3 2� O2 + 3H2O → 2Cu2(OH)3Cl + Cl2 (8.2) 


























6CuCl + 3 2� O2 + 7H2O → 2Cu2(OH)3Cl + 2[CuCl2. 2H2O] (8.3) 
As stated in Chapter 7, two sets of experiments were performed at different 
conditions. In the first set of experiments, the solidified CuCl is taken from the water 
vessel and exposed to air (Figure 8-29). The color of the material changes from gray to 
green. Figures (8-30) and (8-31) show the x-ray diffraction results for two experiments. 
As expected, Cu2(OH)3Cl and CuCl2.2H2O are observed. 
 
Figure 8-29 Solidified CuCl from the water vessel 
 






















Figure 8-31 X-ray diffraction results for CuCl in contact with air and water 
In the second set of experiments, solidified CuCl is kept in water in a small 
container, in a nitrogen glove box. Therefore, the material is not in contact with oxygen. 
In this case, the color of the material remains gray. The x-ray diffraction results are 
presented in Figures (8-32) and (8-33) for two experiments. It is observed that copper(I) 
chloride does not react with water in the absence of oxygen. It is also concluded that the 
molten droplets of CuCl do not react with air during the droplet descent. To avoid any 
chemical reactions, it is suggested to drop the molten CuCl droplets into water in an inert 
atmosphere.  Also, the water might be deoxygenated. Further chemical analysis of the 






















Figure 8-32 X-ray diffraction results for CuCl in contact with water 
 








































Chapter 9    Hazards Reduction 
It is important to predict, control and reduce the hazards caused by the intermediate 
chemicals in the copper-chlorine cycle of hydrogen production. Copper(I) chloride 
(CuCl) is an intermediate compound that is always present regardless of the variations of 
the Cu-Cl cycle. CuCl may cause various health concerns, including irritation of eyes, 
nose and throat, pulmonary edema and congestion, anoxia, acute respiratory irritation, 
and metal fume fever [136].  
The processing of CuCl in the cycle includes heat recovery, solidification, 
granulation, and dissolution. In this chapter, the hazards of CuCl are examined, from the 
perspectives of variations of the Cu-Cl cycle, heat recovery method, and equipment 
design. The hazards are examined by following the path along which CuCl is present or 
generated. Hazards reduction methods are explored to provide a safe working 
environment for operators. Besides hazards reduction, the CuCl must be recovered and 
returned to the Cu-Cl cycle, to avoid causing an imbalance of CuCl in the cycle. These 
issues were reported by Ghandehariun et al. [137]. 
9.1 Copper(I) chloride hazards at the generation source  
As shown in Table 9-1, when oxygen is produced, molten CuCl is produced 
simultaneously [39]. As a consequence, CuCl vapor may be produced from its molten 
counterpart. Since oxygen must be transported outside of the reactor, the CuCl vapor may 
be entrained by oxygen gas to leave the Cu-Cl cycle. The entrainment quantity can be 
estimated from the partial pressure of vapor CuCl in the oxygen gas. To provide a safe 
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basis for a hazards reduction design, the worst scenario must be considered, wherein the 
oxygen gas is saturated with CuCl vapor. From thermodynamics, the saturation partial 
pressure is determined by the equilibrium vapor pressure of CuCl at the operating 
conditions. Figure 9-1 shows the equilibrium vapor pressure of the CuCl at different 
temperatures based on experimental data reported in past studies [138,139]. 
Table 9-1 Reaction steps in the Cu-Cl cycle 
Variation Step Reaction Temperature (oC) 
A (5-step) 
1 2Cu(s)+2HCl(g)→2CuCl(l)+H2(g) 450 
2 2CuCl(s)+2HCl(aq)→CuCl2(aq)+Cu(s) 25 
3 2CuCl2(aq)→2CuCl2(s) 60-80 
4 2CuCl2(s)+H2O(g)→Cu2OCl2(s)+2HCl(g) 375 
5 Cu2OCl2(s)→2CuCl(l)+1/2O2(g) 530 
 
B (4-step) 
1 2CuCl(aq)+2HCl(aq)→2CuCl2(aq)+H2(g) 70-90 
2 2CuCl2(aq)→2CuCl2(s) 60-80 
3 2CuCl2(s)+H2O(g)→Cu2OCl2(s)+2HCl(g) 375 
4 Cu2OCl2(s)→2CuCl(l)+1/2O2(g) 530 
 
 

































In terms of the avoidance of reverse and side reactions, the optimal operating 
pressure of the oxygen production reactor is suggested to be in the range of 120-200 kPa, 
(abs) which is about two orders of magnitude larger than the vapor pressure of CuCl in 
the range of oxygen production reaction temperature. Therefore, the total pressure of the 
reactor can be approximated by the oxygen gas pressure. If the oxygen is saturated with 
CuCl vapor, then the partial pressure of CuCl vapor in the oxygen gas, hence the 
production rate of CuCl vapor, will decrease when increasing the oxygen pressure of the 
reactor for the same production rate of oxygen. However, higher operating pressure may 
lead to an increase in the operating costs.  
Table 9-2 shows the maximum copper(I) chloride vapor production rate in the 
oxygen production step of the 4-step Cu-Cl cycle (Variation B in Table 9-1) based on an 
industrial hydrogen production rate of 100 tons/day. In Table 9-2, the production rate at a 
temperature of 600oC is also estimated by considering a scenario of accidentally losing 
temperature control of the oxygen production reactor. In the case of loss of control, the 
maximum temperature of the oxygen reactor is the heat source temperature because the 
oxygen production reaction is endothermic. The temperature increase will increase the 
CuCl vapor production rate, as the vapor pressure of CuCl increases with temperature. 
Therefore, a lower reactor temperature is suggested to reduce the CuCl hazards. 
The maximum available temperature of the supercritical water-cooled nuclear 
reactors potentially serving as the heat source of the Cu-Cl cycle in the future is in the 
range of 550-650oC. Considering the heat losses in the heat transport pipeline from the 
heat source to a thermochemical hydrogen production plant, 600oC is adopted as the 
worst-case scenario of CuCl vapor generation. Higher temperatures can be supplied by 
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other types of Generation IV nuclear reactors and some solar thermal energy 
concentrating devices. The temperature of the oxygen reactor can be controlled by the 
heat transfer rate in the corresponding heat exchanger. The most advantageous way to 
reduce hazards often is to approach the reduction at the hazards production source. 
Therefore, a lower reaction temperature for the oxygen production reactor is preferred. 
For the 5-step cycle in Variation A, molten CuCl is produced in both hydrogen and 
oxygen production steps. Hence, the amount of CuCl vapor produced in Variation A is 
approximately two times the quantity in Variation B, as illustrated in Table 9-2. 
Therefore, Variation B for the selection of the Cu-Cl cycle is preferred from the 
perspective of CuCl hazards reduction.  
Table 9-2 Production rate of CuCl vapor in the Cu-Cl cycle 
Ptot (bar) 
Production rate of CuCl vapor (kg/day) 
4-step (Variation B) 5-step (Variation A) 
T=530oC T=600oC T=530oC T=600oC 
1.2 2514 8584 5028 17168 
1.4 2155 7358 4310 14715 
1.6 1886 6438 3771 12876 
1.8 1676 5723 3352 11445 
2 1508 5150 3017 10300 
To reduce the CuCl vapor at the production source, structures such as a mesh or 
filter could also be built inside the reactor. However, this may significantly increase the 
design and operating complexity of the oxygen production reactor. Another option is to 
cool the oxygen gas at the outlet of the reactor, so that  CuCl vapor can be condensed. In 
this option, deposits of CuCl on the walls of the cooler should be cleaned regularly. The 
deposition is discussed in later sections of this chapter for the equipment design 
parameters to examine the feasibility of using cyclonic, tube-and-shell, and plate heat 
exchangers to collect the CuCl vapor. 
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9.2 Copper(I) chloride hazards on the path of process integration  
As illustrated in Table 9-1, after the CuCl is produced in molten form in the oxygen 
production step, it is eventually utilized in the form of an aqueous solution in the 
electrolytic step. This means the molten salt will experience solidification, granulation, and 
dissolution in water for the process integration of oxygen and electrolytic steps. As 
presented in Chapter 4, the phase-change heat transfer can be recovered from the 
solidification so as to improve the overall thermal efficiency of the Cu-Cl cycle. Therefore, 
the reduction of the Cu-Cl hazards is dependent of the heat recovery method. 
Atomization is one of the options for recovering heat from the molten CuCl due to 
its advantages of high heat recovery efficiency and the combination of solidification and 
granulation into a single process. In the atomization methods, CuCl vapor is entrained by 
the atomizing gas. The entrainment amount can be estimated with equilibrium vapor 
pressure data (Figure 9-1). However, since the drying gas flow rate may be larger than the 
oxygen production rate, entrainment in the drying gas may be more significant than the 
values presented in Table 9-2. Therefore, the heat recovery fluid should be circulated in a 
closed system; otherwise the CuCl vapor may enter the environment. As shown in Figure 
9-2, to utilize the recovered heat, a secondary heat exchanger must be set up for heat 
transfer from the heated atomizing gas to an endothermic process in the Cu-Cl cycle. After 
the atomizing gas leaves the heat exchanger, it circulates back to the atomization chamber. 
In the loop, the build-up of deposited CuCl on the walls of the secondary heat exchanger 
and circulation pipes could become problematic due to solidification of the entrained CuCl 
vapor in the drying air. The deposition of CuCl is caused by the temperature decrease 
when the heat of atomizing gas is extracted in the secondary heat exchanger, so changing 
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the structure of the heat exchanger may not achieve a significant reduction of the CuCl 
build-up. 
 
Figure 9-2 Confining the CuCl hazards in a closed loop for heat recovery with atomization 
of molten CuCl 
Figure 9-3 illustrates another option for avoiding the secondary heat exchanger. In 
this method, the CuCl is atomized with liquid water to generate steam, which is utilized 
directly as the reactant of the hydrolysis step. However, it is very challenging to evaporate 
all water and generate high temperature steam in this method. An alternative of this 
method is to atomize the molten CuCl with steam, but with the steam generated in a 
separate vessel. The molten salt is pumped into the injection point at about 500-530oC, and 
then atomized into small droplets by steam. During the descent, the droplets or particles of 
CuCl further transfer their residual heat to the upward flowing steam. CuCl is solidified 
completely in the vessel and forms a bed of hot solid particles. Solids from this bed are 
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flows into the granulation vessel. Superheated steam can be used in the hydrolysis reactor 
of the Cu-Cl cycle where steam is a reactant. This is also a significant advantage in terms 
of the direct circulation of CuCl vapor back to the Cu-Cl cycle with no need of a closed 
loop to process the atomizing gas. However, the steam must be pressurized in order to 
atomize the CuCl. The solid CuCl build-up on the wall of the conveying pipes remains an 
issue, except that the generated steam temperature is lower than the melting point of CuCl. 
Therefore, it is challenging to avoid the build-up of CuCl on the conveying pipe wall if the 
heat recovery with a working fluid adopts the direct contact method. 
 
Figure 9-3 Circulating the entrained CuCl back to the Cu-Cl cycle in the heat recovery 
loop with water/steam atomization of molten CuCl 
Figure 9-4 shows the loop of an indirect contact method for the heat recovery with 
casting/extrusion technology in a coaxial cylinder. In this method, the heat recovery fluid 
is not in direct contact with the hazards so the generated steam does not carry the CuCl 
vapor and high purity steam can be generated. But the solidified CuCl may need further 
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hazards accompanying the granulation are not discussed here as the solid confinement 
and processing is much less challenging than for the vapor. 
 
Figure 9-4 Confining the CuCl hazards in the casting/extrusion vessel in the heat recovery 
loop with an indirect contact method of steam generation 
9.3 Major parameters for the oxygen processing and hazards reduction equipment  
In addition to hydrogen, the thermochemical splitting of water produces oxygen, a 
potentially valuable by-product. Oxygen can be an oxidant of many fuels. Also, it can be 
used instead of N2 in combustion of fossil fuels to increase CO2 capture efficiency by 
eliminating the need for N2-CO2 separation. The oxygen normally cannot be distributed to 
end users with toxic CuCl entrained in it. The oxygen produced at 530oC needs to be 
cooled to ambient temperature for storage and distribution. If the entrained CuCl vapor in 
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vapor will enter the oxygen cooler where the heat carried by oxygen gas is recovered or 
removed. 
One option for removing CuCl hazards involves oxygen cooling. Oxygen gas exits 
the oxygen reactor at a temperature of 530oC, which is reduced to about 40oC in the 
cooler. The heat recovered from the oxygen can be used to heat 1,544×103 kg/day of 
water from 20 to about 80oC. Cooling the oxygen causes the CuCl vapor to condense and 
deposit on the walls. The deposited volume and thickness of CuCl are two major design 
parameters for the oxygen cooler or heat recovery apparatus. Estimates of the deposited 
volume of CuCl produced per day in the oxygen cooler are shown in Table 9-3. These 
values can also considered as the thickness of the CuCl solid per unit surface area. 
Table 9-3 Deposition rate (volume) of CuCl on the walls of the oxygen cooler 
Ptot (bar) 
Rate of CuCl solid production (m3/day) 
Variation A (5-step) Variation B (4-step) 
T=530oC T=600oC T=530oC T=600oC 
1.2 1.21 4.14 0.61 2.07 
1.4 1.04 3.55 0.52 1.77 
1.6 0.91 3.11 0.45 1.55 
1.8 0.81 2.76 0.40 1.38 
2 0.73 2.49 0.36 1.24 
 
The build-up of CuCl on the cooler wall will clog the oxygen flow path. To 
estimate the clogging rate, it is assumed that a conventional tube-and-shell cooler 
structured with a bundle of 1” (2.54 cm) tubes encapsulated in a large shell is used and 
the oxygen flows inside the tubes. The clogging rate can be characterized by the number 
of tubes that are filled with the volume of CuCl listed in Table 9-3. The numbers of 
clogged tubes at various operating conditions are illustrated in Table 9-4. The numbers 
are given for two cases: 1 meter long tubes, which can be utilized for the calculation of 
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any other lengths, and 20 meters long tubes, which is a typical value for a large industrial 
heat exchanger. It was found that the condensed CuCl may clog 72-120 tubes (inner 
diameter 2.54 cm and 20 meters long) per day. This excludes the feasibility of using a 
conventional tube-and-shell cooler. Although other types of coolers can be adopted in 
principle, the engineering feasibility of such options is low due to the high build-up rate 
of CuCl on the equipment wall. 
 
Table 9-4 Clogging rate of CuCl on the walls of the oxygen cooler 
Tube length (m)* 
 Ptot (bar) 
Number of tubes clogged per day 
Variation A (5-step) Variation B (4-step) 
T=530oC T=600oC T=530oC T=600oC 
1 
1.2 2394 8174 1197 4087 
1.4 2052 7006 1026 3503 
1.6 1796 6130 898 3065 
1.8 1596 5450 798 2725 
2 1436 4904 718 2452 
20 
1.2 120 409 60 204 
1.4 103 350 51 175 
1.6 90 307 45 153 
1.8 80 273 40 136 
2 72 245 36 123 
* Tube inner diameter = 2.54 cm. 
 
The second option for removing CuCl hazards is to scrub the oxygen gas through 
a water bath, which removes the CuCl vapor. Figure 9-5 shows the experimental loop for 
scrubbing the CuCl vapor from the oxygen gas at UOIT’s Clean Energy Research 
Laboratory (CERL). To improve the scrubbing efficiency, Pyrex Raschig rings are used 
to enhance the contact between oxygen gas and water. An energy balance shows that the 
make-up water required for the Cu-Cl cycle (900 tons/day for a hydrogen production rate 
of 100 tons/day) can be heated to about 123oC. This implies that water can be heated up 
to about 100oC in the case of 20% heat loss or 20% excess water. With this method, 
heated water containing CuCl can be directly transferred to the electrolysis step, which is 
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a significant advantage wherein all CuCl is recovered. The disadvantages of this method 
include oxygen gas dissolution in water, the existence of water vapor in the oxygen, and 
the possible loss of heat from the oxygen. 
 
Figure 9-5 Water scrubbing for the recovery of CuCl to the hydrogen production reactor 
Figure 9-6 illustrates another method for removing CuCl hazards. The oxygen is 
used to preheat Cu2OCl2 in a packed or fluidized bed heat exchanger. As shown in Table 
9-1, the Cu2OCl2 is the reactant required for the oxygen production reactor and CuCl is a 
product of the decomposition of Cu2OCl2. Therefore, the introduction of CuCl into the 
oxygen production reactor does not have a disturbing effect on the composition of the 
reaction products. The heat recovered by cooling oxygen from 530oC to 390oC can be 
used for preheating copper oxychloride from 375oC to about 395oC. Since this 
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temperature is below the melting point of CuCl (430oC), the CuCl solid is absorbed by the 
Cu2OCl2 solid and pure oxygen gas exits the packed or fluidized bed. 
 
Figure 9-6 CuCl recovery with preheating of Cu2OCl2 by oxygen in a packed bed 
In the above method, copper(II) chloride can be used as a substitute for Cu2OCl2 
in the recovery of the CuCl vapor. As shown in Table 9.1, CuCl2 is required in the 
hydrolysis step at 375oC but it exits the drying step at about 80oC. Therefore, the heat 
recovered from oxygen can be used to preheat CuCl2 exiting the dryer at 100oC and at the 
same time CuCl is absorbed by the CuCl2 particles. The heat released during the cooling 
of oxygen gas from 530oC to 120oC can be used to heat the CuCl2 to about 143oC. 
However, our experiments show that the release of Cl2 gas due to the decomposition of 
CuCl2 at high temperature can be problematic in this process. Therefore, using Cu2OCl2 to 
recover the CuCl is preferred. 
As mentioned above, the risk of using CuCl2 to absorb CuCl vapor is the 
decomposition of CuCl2 due to overheating by CuCl vapor. The decomposition of CuCl2 
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using Cu2OCl2 may also cause its decomposition to release CuCl and O2. To avoid the 
decomposition, the operating temperature for CuCl absorption should be lower than the 
thermodynamically spontaneous level. Figure 9-7 shows the changes of the standard 
Gibbs energy of the two decomposition reactions. When the temperature is lower than 
470oC, the Gibbs energy change of the CuCl2 decomposition reaction is positive, so the 
decomposition will not occur. In addition, CuCl vapor will exert a sequestration effect on 
the decomposition of CuCl2, because CuCl is one of the decomposition products. 
Regarding the decomposition of Cu2OCl2, the Gibbs energy change is positive when the 
temperature is lower than 530oC, so the decomposition of Cu2OCl2 will not take place 
below 395oC. In addition, since CuCl vapor is produced in the oxygen production step 
and carried by O2 to enter the CuCl absorption bed. The decomposition of Cu2OCl2 will 
be sequestered thermodynamically by the coexistence of O2 and CuCl vapor in a 
stoichiometric ratio.  
  
Figure 9-7 Thermodynamic spontaneity of the decomposition of CuCl2 and Cu2OCl2 
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9.4 Experimental studies for CuCl recovery 
Figure 9-8 shows the experimental loop prepared to investigate the feasibility of the CuCl 
recovery method in Figure 9-6. Molten CuCl is generated in the furnace. The temperature 
range is 450-600oC. Raschig rings made from Pyrex glass, with a radius and height of 12 
mm and a thickness of 1 mm, provide an absorption bed for CuCl vapor. Two type K 
thermocouples  measure the temperature of the buffer chamber and the absorption bed. 
 
Figure 9-8 Experimental loop for recovering CuCl 
 
The diameter of the buffer chamber is 5 times the absorption bed, thus the cross 
sectional area is 25 times contracted when the gas stream enters the bed. This setup 
simulates the future layout comprising a buffer chamber and an immediate downstream 
heat exchanger with a much smaller cross-sectional area than the buffer chamber. The 































quantity of CuCl vapor on the chamber wall can be compared with the absorbed quantity 
of CuCl by the absorption bed. Figure 9-9 shows the raschig rings coated by CuCl. 
Experimental results show that 70% of the CuCl vapor was absorbed by the absorption 
bed, although the residence time in the buffer chamber was at least 25 times longer than 
the absorption bed. This suggests that the vapor would mostly enter the heat exchanger, 
settling immediately downstream of the buffer chamber. Figure 9-10 shows the variation 
of the temperature of the absorption bed with time. The temperature of the absorption bed 
can be increased by 50oC within 40 minutes. 
 
Figure 9-9 Raschig rings coated by CuCl 
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9.5 Confined space for the integration of oxygen reactor and heat recovery  
Mechanical ventilation and filtration are required in case the control of hazards with the 
above methods is not ideal or if malfunctions occur. Pouring molten CuCl from the 
oxygen reactor into the heat recovery chamber generates a cloud of fumes which is toxic 
and hazardous. Therefore, the entire pouring system should be confined. A confined 
space is defined as a space which is substantially enclosed and used where there is a 
reasonably foreseeable risk of serious injury from hazardous substances or conditions 
within the space. Entry to the confined space is restricted and usually entails the use of 
comprehensive personal protective equipment. 
Adverse conditions of the atmosphere inside the confined space constitute the 
most common cause for potential accidents, serious injuries and fatalities in a confined 
space. Physical configurations, such as the shape and size of the space and locations of 
openings, significantly affect ventilation requirements and strategies. Environmental 
conditions outside and inside of the space are also important. There are two basic 
operations for ventilating confined spaces: natural ventilation and mechanical ventilation. 
Mechanical ventilation offers two principal alternatives: air supplied and/or exhausted 
from the space. Exhaust ventilation may be localized or general within the space. 
Ventilation alternatives exhibit different advantages and disadvantages and require 
careful evaluation for a given confined space.  
Natural ventilation frequently is inadequate and normally not acceptable as a 
primary means of ventilating a confined space. Mechanical ventilation uses mechanical 
equipment to force and control air flow within the confined space, and has the advantages 
of flexibility and control for directing air movement. The primary disadvantage of 
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mechanical ventilation is the possibility of mechanical failure, resulting in little or no 
ventilation. This potential hazard should be reduced by appropriate back-up and fail-safe 
provisions. Mechanical ventilation involves the cost of the equipment and time to plan, 
prepare and implement its use. Despite possible disadvantages, mechanical ventilation is 
usually the best way to minimize the hazards of adverse atmospheric conditions in 
confined spaces. Mechanical ventilation of the workplace is also required in case of 
leakage of CuCl vapor out of the confined pouring system.  
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Chapter 10 Conclusions and Recommendations  
10.1 Conclusions 
In this thesis, recycling of thermal energy within the copper-chlorine (Cu-Cl) cycle of 
hydrogen production was investigated. A pinch analysis showed that about 88% of the 
recovered heat can be achieved by cooling and solidifying molten copper(I) chloride 
exiting the fourth step (i.e. oxygen production step) of the Cu-Cl cycle. Two alternatives 
for using the recovered heat in the cycle are presented. All of the recovered heat from 
molten CuCl and oxygen gas can be used in the drying step, or a portion of heat recovery 
can be used to produce superheated steam for hydrolysis and the remainder for the drying 
step. Considering the integration of internal and external heat flows, it is more efficient if 
the recovered heat is used in the hydrolysis step. 
Several configurations for recovering heat from molten CuCl were presented. 
These processes include atomization and steam generation within a quench bath, 
atomization with droplets falling through counter-current flow, atomization by air or other 
inert gases, rotary/spinning atomization, casting/extrusion, and a drum flaker. Several 
parameters such as the heat transfer rate, the potential of introducing additional materials 
into the cycle, energy efficiency, temperature retention, economics, material issues, and 
design feasibility are considered in the evaluation these methods. 
Based on the present comparative assessment, the casting/extrusion method, 
atomization with a separate vessel using water as a coolant, and rotary/spinning 
atomization using air as a coolant were found to be the most promising processes for heat 
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recovery from molten CuCl in the Cu-Cl cycle, and were recommended for further 
investigation.  
The casting/extrusion method includes indirect-contact heat transfer while the 
atomization method represents direct-contact heat transfer. Predictive models were 
developed to study both processes of heat recovery. A double-pipe heat exchanger (i.e. 
indirect-contact heat exchanger) was investigated in detail for recovering heat from 
molten CuCl. Counter-current air flow, with rates of 3 and 4 g/s, was considered as a 
coolant. It was shown that the air temperature increases to 190oC in a heat exchanger with 
a length of 15 cm and inner tube radius of 10 cm. The length of a heat exchanger with the 
inner tube radius of 12 cm is 53 cm. The outlet temperature of air is about 380oC in this 
case. 
The length of a heat exchanger with an inner tube diameter of 24 cm is about 53 
cm and 91 cm for coolant flow rates of 3 g/s and 4 g/s, respectively. Increasing the mass 
flow rate of air will increase the total heat flux from the molten salt by increasing the 
length of the heat exchanger. 
A spray column (i.e. direct contact heat exchanger) was examined for recovering 
heat from molten CuCl droplets to the flowing steam (or any gas). The molten droplets 
are released from the top of the system while steam flows upward. The heat transfer rate 
from the freely falling droplets to the flowing steam was evaluated. Different modes of 
heat transfer (i.e. convection, radiation, heat transfer due to mass transfer) were estimated 
and compared. It was shown that heat transfer due to evaporation was negligible 
compared with convection and radiation. 
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Characteristics of a direct-contact heat exchanger, in which recovered heat from 
molten CuCl was used to produce superheated steam, were presented. For a hydrogen 
production rate of 1 kg/day, the flow rates of CuCl and steam are 1.15 kg/s and 0.12 kg/s, 
respectively. The height of the heat exchanger was dominated by the heat transfer rate. 
Decreasing the droplet size may increase the heat transfer rate from the droplet, and hence 
decreases the required height of the heat exchanger. For a droplet size of 2 mm, the height 
of the heat exchanger is 23 m, while for a droplet of 1 mm, the height is 7 m. Increasing 
the relative droplet-steam velocity increases the heat transfer rate, which yields a decrease 
in the cooling time and height of the heat exchanger. The effect of hydrogen production 
on the heat exchanger diameter was also shown. For a hydrogen production rate of 1000 
kg/day, the diameter of the heat exchanger is about 3 m for a droplet size of 1 mm and 2.2 
m for a droplet size of 2 mm. 
Experimental studies were performed to examine the behavior of molten CuCl 
droplets in air and water. X-ray diffraction analysis of the solidified products showed that 
CuCl does not react with water in the absence of oxygen.  
The hazards involving copper(I) chloride were investigated, as well as 
corresponding hazard reduction options. The hazards accompanying the generation source 
and flow path were considered. The options for the CuCl hazards reduction were also 
evaluated from the perspectives of process integration, heat recovery and equipment 
design. It is concluded that using the reactant Cu2OCl2 in the oxygen production step to 
absorb CuCl vapor is the most preferable option compared to the alternatives, which 
include absorbing CuCl vapor with water or CuCl2 and building additional structures 
inside the oxygen production reactor. Utilization of a cooler at the outlet of the oxygen 
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reactor to deposit CuCl vapor was found to be undesirable because of the large clogging 
rate of the oxygen flowing channels. If the atomization method is used for heat recovery 
from molten CuCl, the heat recovery fluid should be circulated in the thermochemical 
cycle so as to confine the CuCl vapor within the Cu-Cl cycle, and a secondary heat 
exchanger should be used to release heat to an endothermic process. Clogging of the heat 
exchanger by deposited CuCl is also a significant issue.  Experimental studies verified the 
concept of CuCl recovery and hazards reduction in the thermochemical hydrogen 
production cycle. 
10.2 Recommendations 
The main suggestions and recommendations are described as follows. A double-pipe heat 
exchanger for heat recovery from molten CuCl should be studied further. The current 
model should be further expanded and the variation of properties with temperature should 
be considered. Experimental studies should be performed to investigate the behavior of 
solidified flow of CuCl and methods of removing the solid from the pipe. 
More experimental studies are required for a spray column. A closed system 
should be tested and the increase in coolant temperature should be measured. The effect 
of different parameters and conditions (i.e. droplet size, droplet interactions, etc.) on the 
heat transfer rate from molten CuCl droplets needs to be investigated in more detail. 
Detailed chemical analysis should be performed to investigate the possibility of 
chemical reactions between molten CuCl and the surrounding gas or steam in a direct-
contact heat exchanger in a steady-state process. 
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Detailed material and cost analyses of the proposed heat recovery systems are 
suggested for future research. Also, exergy analysis of the systems is recommended to 
examine the processes from the exergy efficiency perspective.  
The current experimental setup verifies the concept of CuCl recovery and 
hazards reduction in the copper-chlorine cycle. However, additional experiments 
including CuCl2 and Cu2OCl2 packed beds, and more detailed analyses, are also 
recommended for future research. Chemical reactions that may accompany the CuCl 
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First Six Roots of the Transcendental Equation for Transient Conduction in a 
Sphere 
Bi ζ1 ζ2 ζ3 ζ4 ζ5 ζ6 
0.001 0.0547 4.4936 7.7254 10.904 14.066 17.221 
0.002 0.0774 4.4938 7.7255 10.904 14.066 17.221 
0.004 0.1095 4.4943 7.7258 10.904 14.066 17.221 
0.006 0.1341 4.4947 7.7260 10.905 14.067 17.221 
0.008 0.1548 4.4952 7.7263 10.905 14.067 17.221 
0.01 0.1730 4.4956 7.7265 10.905 14.067 17.221 
0.02 0.2444 4.4979 7.7278 10.906 14.068 17.222 
0.04 0.3450 4.5023 7.7304 10.908 14.069 17.223 
0.06 0.4217 4.5068 7.7330 10.910 14.070 17.224 
0.08 0.4860 4.5112 7.7356 10.911 14.072 17.225 
0.1 0.5423 4.5157 7.7382 10.913 14.073 17.226 
0.2 0.7593 4.5379 7.7511 10.922 14.080 17.232 
0.4 1.0528 4.5822 7.7770 10.941 14.095 17.244 
0.6 1.2644 4.6261 7.8028 10.959 14.109 17.255 
0.8 1.4320 4.6696 7.8284 10.977 14.123 17.267 
1 1.5708 4.7124 7.8540 10.996 14.137 17.279 
2 2.0287 4.9132 7.9787 11.085 14.207 17.336 
3 2.2889 5.0870 8.0962 11.173 14.276 17.393 
4 2.4556 5.2329 8.2045 11.256 14.343 17.449 
5 2.5704 5.3540 8.3029 11.335 14.408 17.503 
6 2.6537 5.4543 8.3913 11.409 14.470 17.556 
7 2.7164 5.5378 8.4703 11.477 14.529 17.607 
8 2.7653 5.6078 8.5406 11.541 14.585 17.656 
9 2.8044 5.6669 8.6031 11.599 14.637 17.703 
10 2.8363 5.7172 8.6587 11.653 14.687 17.748 
 
 
 
